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ABSTRACT

Context. The submillimetre-bright galaxy population is believedctimprise, aside from local galaxies and radio-loud souiices
trinsically active star-forming galaxies, the brighteStuich are lensed gravitationally. The latter enable stadit a level of detalil
beyond that usually possible by the observation facility.

Aims. This work focuses on one of these lensed systems, HATLASIBBEI3-002836 (H14290028), selected in thelerschel-
ATLAS field. Gathering a rich, multi-wavelength dataset,aim to confirm the lensing hypothesis and model the backgrsonrce’s
morphology and dynamics, as well as to provide a full physibaracterisation.

Methods. Multi-wavelength high-resolution data is utilised to ess¢he nature of the system. A lensing-analysis algorithrichwh
simultaneously fits dierent wavebands is adopted to characterise the lens. Thgrbaod galaxy dynamical information is studied
by reconstructing the 3-D source-plane of the ALMA CO&2) transition. Near-IR imaging fronrdST and Keck-AO allows

to constrain rest-frame optical photometry independefattythe foreground and background systems. Physical paeasgsuch as
stellar and dust masses) are estimated via modelling opthetrsl energy distribution taking into account sourcetiieg, foreground
obscuration, and dierential magnification.

Resuits. The system comprises a foreground edge-on disk galax,(at 0.218) with an almost complete Einstein ring around it.
The background source (a}, = 1.027) is magnified by a factor gf ~ 8 — 10 depending on wavelength. It is comprised of two
components and a tens of kpc long tidal tail resembling theedmee merger. As a whole, the system is a massive stellansyst
(1.32°983 x 10" M, ) forming stars at a rate of 39490 M, yr~*, and has a significant gas reservoifgil= 4.6 + 1.7 x 10"° M.

Its depletion time due to star formation alone is thus exgbtd bersg = Mism/SFR = 117 + 51 Myr. The dynamical mass of
one of the components is estimated to t®451.7 x 10'°M,, and, together with the photometric total mass estimatmyities that
H1429-0028 is a major merger system (1:*_2}@.

Key words. Gravitational lensing: strong, Galaxies: ISM, Galaxigaeknatics and dynamics

Weil3 et al. | 2013;|_Riechers et al. 2013), revolutionising our
view of this galaxy population. Commonly referred to as
Most of the sources responsible for the far-infrared (FIRJK submm galaxies (SMGs), they are believed to be a sporadic
ground (Reach et al. 1995; Puget et al. 1996; Fixsen et a€;198-100 Myr, [Greve et al._2005; Tacconi ef al. 2006, 2008) and
Lagache etal. 1999) are at > 1 (Franceschinietal. 1994;extremely active phase of evolution (star-formation rapés
Fall et al. 1996; Burigana & Popa 1998; Hauser & Dwek 2001). 107 — 10°M,, yr~%, llvison et al! 2000;_Chapman et al. 2005;
Their detailed study has been limited by instrumental devgtoppin et all 2008; Michatowski etlal. 2010a.b; Wardlow ét al
opment: early submillimetre (submm; rest-frame FIR) stu011;Yun et al. 2012; Sméi et al! 2012; Riechers et/al. 2013).
ies were based on shallow and low resolution surveys (eWhether or not this phase is responsible for the formation
Scott et al.. 2002]_Smail etial. 2002; Greve etlal. 2004, 20Q§; the bulk of the stellar population of their descendants
Magnelli et al.| 2009]_Clements et al. 2010; Dannerbauereti@l still be a matter of debate (Renzini 2006; Tacconi ét al.
2010; [ Jacobs et al. 2011), but the advent Hdrschel and [2008; [Gonzalez et Al. 2011), as is the trigger for this ex-
the construction of the Atacama Large (sub-)Millimetreayr treme phase. Gas-rich major mergers (Frayer et al. 199&; 199
(ALMA) are overcoming these limitations. Ivison et al. | 2000;|_Tacconi etlal. _2008; Daddi et al. _2010b;

These recent instrumental developments have enabled $gel et al. 2010; Menéndez-Delmestre et al. 2013), smawth a
tematic, detailed follow-up of the brightest of the galaxcretion of cold gas as suggested by hydrodynamical simula-
ies detected in the FIR and (sub-)millimetre regime (e.dions (Keres etal. 2005; Carilli etial. 2010; Dave etial. 2010
Cox et al[2011; Harris et Al. 2012; Karim ef(al. 2012; Lupulet ayward et al.| 2011] Hodge etial. 2012) and self-regulated
2012;/lvison et al. 2013; Hodge et al. 2013; Vieira etal. 2013
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baryon collapse (Granato et al. 2004; Lapi et al. 2011) h#lve presents the results directly obtained from the data duestiin
been proposed to induce the SMG phase. the previous section; in Sdd. 4 the lensing analysis is ptede
Distinguishing between, for instance, a merger event anaglk@ng with the physical properties of both fore and backgobu
gas-rich clumpy disk is not trivial, as the latter may restn@ systems; Sed.]5 finishes with the main conclusions from this
merger system in poor-resolution imaging grdn case no ve- work. Throughout this work we adopt the followird"DM cos-
locity information is available. Hence, especially at higlishift mology: Hh = 70kmstMpc?, Qy = 0.3,Q, = 0.7, and a
(when disk galaxies are believed to be clumpy), speethdcity Chabrier initial mass function.
and spatial detail is key (e.q., Forster Schreiber et alS2P011;
Swinbank et al. 2011; Riechers etial. 2011; Ivison et al. 201
While spectral capabilities are limited by technology, ome
cases spatial resolution is boosted by nature. These cases 02.1. Source Selection
when a deep gravitational potential (e.g. a galaxy ovesitign )
or an isolated massive galaxy) modifies the light path from3ATLAS J142935.3002836, alias H14290028, the focus of
background source, inducing brightness and spatial magnifithis study, was identified in the H-ATLAS coverage of the
tion. This gravitational lensing (GL) boosts the sendigivand GAMA 15-hr field. With a submm flux 0Ssooum = 227+
resolution of our telescopes, allowing a more direct corispar 8MJY, it is considerably brighter than the flux cut proposgd b
with the local galaxy population (see discussion in Meyieale Negrello etal.(2010Ss00m > 100mJy) to select candidate
2006). It is thus no surprise that GL has allowed breaktHnOLroéourceS for gravitationally lensed systems. This sourcear-
science in the study of distant galaxies via significantly injcular, was found to be a 160n-peaker, suggesting~ 1. The
proved detection limits and spatial resolutions (é.g.iE1®96; SPIRE datareduction is described in Pascalelet al. (20Tile w
Smail et al./ 2002 Kneib et Al. 2005: Solomon & Vanden Bo$eurce extraction and flux density estimation are described
2005; Knudsen et &l. 2006; Tacconi etlal. 2006; Swinbank et Bigby etal. (2011).
2010).
_ Until recently, finding these rare lensed systems requieed ¢ 2. Optical spectroscopy
liberate searches through known galaxy over-densitiesethe _ _ ] o
probability of GL is higher [(Smail et 8. 1997; Postman ét al:0ng-slit spectroscopic observations at the Gemini-Saoeit
2012;[Furlanetto et &l. 2013). However, follow-up obsdoret Scope were taken using the Gemini Multi-Object Spectragrap
of the brightest sources in under-dense regions reveaigeiese South (GMOS-S) instrument on the night of 2012 February 25
of gravitational lensing (e.d., Chapman €f al. 2002). Withad- as part of program GS-2012A-Q-52 (P.I. R. S. Bussmann). Four
vent of wide-area (hundreds of square degrees) FIR and subgfiervations of 15min each were made througt alit with
surveys, combined with powerful follow-up facilities, mesuch  the B600 grating. Dithering was used in both the wavelength d
GL cases have been confirmed. This has led to simple critéction and along the slit to minimise th&exts of bad columns
ria allowing eficient GL selection. Based on a small subset @nd gaps between the GMOS-S chips. The central wavelengths
bright galaxies found in thelerschel-Astrophysical TeraHertz for the_ two obser\_/anons were 520 and 525 nm, and fl_at-ﬂeld ob-
Large Area SurveyH-ATLAS, ~570ded, [Eales et dl_2010), servations were interspersed between the observatiorecht e
Negrello et al.[(2010) showed that a simple flux cut at 400 Wavelength setting. Wavelength calibration was achiewedgu
(Ss00.m > 100 mJy), followed by opticatear-IRradio imaging CUArarc lamp exposures, taken using the same instrumetial s
analysis to discard local and radio-bright sources, is hlpigf- UP as for the science exposures. This provided a spectmures
ficient technique to select GL systems. Since then, more tHion of ~0.62A. A position angle of 7OEast of North was used,
20 of these systems have been confirmeéiénschel surveys and the detector was binned by 4 pixels in both the spectrhl an
(e.g..Conley et al. 2011; Fuetlal. 2012; Bussmannlet al.|205patial directions.
Wardlow et al/ 2013; George etlal. 2013). In parallel, observ  We processed the data using standard IRAF GMOS-S reduc-
tions undertaken at 1.4mm on the South Pole Telescope htioa routines. Since the primary aim of these observatioas w
provided a large population of GL systems (Vieira et al. 2018 obtain a spectroscopic redshift, flux calibration was pert
Weil3 et all 2013). formed. We used thecsao routine in IRAF to measure the spec-
The size of the GL sample now allows a systematic inve§oscopic redshift.
tigation of the properties of the lenses and backgroundctdbje
(e.g., lvison et gll 2010; Frayeretal. 2011; Vieira et al120
Weild et al. 2013; George etlal. 2014), allowing direct compazr'g' Hubble Space Telescope F110W
ison with similarly luminous local galaxies. In this workew A SNAPshot observation was obtained with tHebble Space
have obtained Atacama Large Millimetre Array (ALMA) obserTelescope] (HST) on 2011 December ¥8 as part of Cycle-
vations of one of the lensed sources found in Fh&TLAS, 19 proposal 12488 (P.I. Negrello), using Wide-Field Camera
H1429-0028, as part of this continuedfert to increase the 3 (WFC3) with its wideJ filter, F110W. The total exposure
number of GL systems with high spatial-resolution moleculéme was 252s. Data were processed using the PyRAF Astro-
data, which is still relatively scarce. With its improvedtele drizzle package. Individual frames were corrected foroitgin,
tion, spectral and resolving capabilities, ALMA enablesastf cleaned of cosmic rays and other artifacts and median cadbin
and detailed view of the gas and dust in distant lensed ssurcehe resulting- 2'x2’ image was re-sampled to a finer pixel scale
not only spatially, but also spectroscopically (Vieira e2813; of 0.0642". Therwnm is 0.17” as measured from a stellar source
Weild et al.. 2013). This pilot study, combinirtgerschel and in the observed field.

ALMA with GL, illustrates the promise of this fusion to un-7 Based on observations made with the NABBA Hubble Space
rav_el the physical processes that dominate the distant ISUbFﬂelescope, obtained at the Space Telescope Science estitoich is
Universe. operated by the Association of Universities for Researdksinonomy,

The work is organised as follows: SEE. 2 describes the sourge, under NASA contract NAS 5-26555. These observatioasaso-
selection and the plethora of data supporting this work; Becciated with program 12488.

%. Source selection and Observations
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2.4. Keck Telescope Adaptive Optics H and Kg 2.7. Z-SPEC on APEX

We obtained sub-arcsec resolution images of HH 28 in H1429-0028 was observed with Z-SPEC mounted on the 12-
the H andKs bands with the Keck-Il laser-guide-star adaptiven APEX telescope on 2-5 January 2011 as part of Hhe
optics system (LGSAO; Wizinowich et al. 2006). The obseATLAS and Universidad de Concepcién collaboration (prtgec
vations took place on 2012 Feb 4 UT with the NIRC2 wid€-087.F-0015B-2011, P.I. G. Orellana, and projects 087820
camera (0.04pixel ) under excellent conditions (program ID:and 088.A-1004, P.I. R. J. Ivison), during the APEX P87 an@l P8
UO034N2L; P.I. A. Cooray). The only suitable tip-tilt starda periods under excellent weather conditiors¥ ~ 0.6, ranging

R = 152 and lay 78 north-east of H14290028. In order to fit from 0.2 to 0.9).

the star within the vignetted field for the tip-tilt sensog had to Antenna pointing calibrations were performed a few times

rotate the camera to a PA of 259.6 deg afittet H1429.0028 each night using a bright planet or quasar near the target pro

from the centre to the top-right part of the detector. We iniet . ducing typicallys 4" corrections. Telescope focus was adjusted

E’ useful 80-s exposures i and 10 useful 120-s exposures "Snce each day, just after sunset, and little variation wa®s se

throughout the observing run. To remove atmospheric fluctua

We used custom IDL scripts to reduce the images, followions, we used a wobbler at 1.8 Hz to switch the signal to akblan
ing standard procedures. Briefly, after bad pixel maskiagkb field 45’away. Data were taken in chunks of 20s.
ground subtraction, and flat-fielding, sky background arjdatb Taking into account gain factors, the signal from each spec-
masks were updated iteratively. For each frame, after aulbtrt chan?]el was flux caglibrated usi’n obsgervations of Usarr)m
ing a scaled median sky, the residual background was remox{%:is is done by building a model of t%e flux conversion factor
with 2-dimensional B-spline models. In the last iteratioe, dis- : y \ol 9 ] £ - f hd )
carded frames of the poorest image quality and corrected {F{gm Instrument DOCtS tol y) asBa dl;nc(;uon OI ez%%g eStestord
camera distortion using the on-sky distortion solutionmfrob- mzan o_pelratlng (I ) Vo talge (. raator gt al )- ecgn )
servations of the globular cluster M@2The resolution of the order pixel-to-pixel spectral variations: (5%) were correcte

L : - . using a compilation of observations of flat-spectrum sairce
final image is 0.11and 0.18 in rwhm for theH andKs images, (J1337130 and J1228021 in this case). The spectra are con-

respectively, as measured from two stellar sourcedl” from . s :
H1429-0028. The two sources were nevertheless faint, and facraply noisier at the lowest frequencies due to the press
X X roadening of a water line at 183 GHz.

PSF was approximated by a Gaussian with the referred widths.
All errors are propagated to the source calibration using a
customised pipeline developed to reduce Z-SPEC data while
2.5. Spitzer IRAC 3.6 and 4.5um mounted at the Caltech Submillimetre Observatory (e.gdBra
ford et al. 2009; Scott et al. 2011; Lupu et al. 2012; Zemcov et
3.6- and 4.5:m images were acquired using the Infrared Arragl. 2012).
Camera (IRAC|_Fazio et &l. 2004) abo&itzer (Werner et al. The total intearation ti :
r gration time on source was 8.1 hr, reaching a
S(r)ggzllr)ar(r)\n&%géé (SPeIptszb&r)rgz;s T%Egtirggg;?neg %\l/(z)lﬁ/e?j SCS) sensitivity of 0.8 Jy8? at the bandwidth centre. The r.m.s. un-
position dither pattern, with a total exposure time of jusei ertainty on the final co-added spectrum ranges from 5to Y0 mJ
1ks, reaching r.m.s. depths of 3.3 and/21¢ at 3.6 and 4.pm,
respectively. Corrected basic calibrated data, pre-psaEm by 28 CARMA
the Spitzer Science Center, were spatially aligned and com-""

bined into mogaics with a re-.sampleo_l pixel size of’Oahd We used CARMA/(Back et 4. 2006) to observe the Ge2—1)
?&gﬂgorzezowgﬁg;fzz&%? #?Ilggevdeal;iliovce];g.'[SI‘]I(SHOJS'\QdOfFC)) IrEX transition ¢res=230.5380 GHz) toward H1429028 (proposal
tometric measureménts : P 322, P.I. D. Riechers). Based on the APE>Spec redshift

' of zspec = 1.026, observations were made using the 3 mm re-
ceivers with the CARMA spectral line correlator set to diee-
tive bandwidth of 3.7 GHz per sideband (IF range: 1.2-4.9GHz
at 5.208 MHz (6.8knfs) spectral resolution, placing the red-

High-resolution 7-GHz continuum data were acquired usiag NS4 %Og:Z;l&gine att_an IF frequenc_yé)f 3.t6 G';Z in th% 3
tional Radio Astronomy Observatory’s Janksy Very Large AHPPET Sigeband. LYbservations were carried out under good -
rayf (JVLA) during 2011 June (proposal 11A-182; P.I. R. J. [imm weather conditions on 2011 January 16 in a hybrid configu-
son), in A configuration, with 64 2-MHz channels in each of ration between the B and E arrays (only data from 9 antennas on
two intermediate frequencies (IFs), each IF with dual polar.Shor.t baselines are use-d), y!eldmg an on-source (tOta“'?".‘Vb
sation, recording data every 1s. 15@B06 was observed ey.INg time of 2.9 hr (4.4 hr; equivalent to 1.0 hr on source wité t

ery few minutes to determine complex gain solutions and barTH" 15antenna array). The nearby quasar JI8XD was ob-

pass corrections; 3C 286 was used to set the absolute flux d%q{yed every 20 min for complex gain calibration. Pointirgsw

sity scale. Using natural weighting, the resulting map hasP rformed at least every 2—4 hr on nearby stars and radi@argjas

0.4” x 0.3" rwim synthesised beam and an r.m.s. noise levpind Poth optical and radio modes. The bandpass shape and ab
O'f 1ony' beam? solute flux density scale were derived from observation$ief t

bright quasar, 3C 273. The resulting calibration is expktide
accurate to-15%.

2 httpy/www2.keck.hawaii.edinsynirc2/dewarp.html Th‘? MIRIAD _package was US?d for dat&_‘ processing ?nd
3 This work is based on observations carried out with the Jviide analysis. The calibrated data were imaged using naturghtrei
NRAO is a facility of the NSF operated under cooperative agrent ing, resulting in a synthesised beam of”%®.1”, and an r.m.s.

by Associated Universities, Inc. noise of 2.6 mJy beam over 281.25 MHz (365.7 kys).

2.6. Jansky Very Large Array 7 GHz
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2.9. MAMBO-2 on IRAM-30m presented a large amplitude scatter and its data were theref

We measured the 1.2 mm continuum flux density éafjso flagg.ed. . )

H1429-0028 using the 117-channel bolometer array, MAMBO- 1he sSix observations of the phase calibrator reveal clean
2, at the IRAM 30 m telescope (proposal 280-10, P.I. H. D&nn(?,hase solutions with minimal phase yar|at|0n8°(qver 14 min) .
bauer). In January 2011, the target was observed twice tisagh 107 all antennas. In two spectral Wlndows tracing the_contln
for 8 min, in the photometric mode of MAMBO-2. This observUm, the bandpass calibrator presented line featuresssiete

ing mode, so-called “onf, is based on the chop-nod techniqué9 the deletion of these channgls. The final combimedata-
where the target is placed on a reference bolometer element €€t Pased on the two observa/tlon runs, allows the source to b
target channel). With a beam size0£1” at 1.2 mm, the con- mage/d at a/resc_)lutlon 0f1.88"x1.25’(natural weighting) or
tinuum emission is accurately measured given the much emafr1-57'x1.12" (umformﬁwgghtmg). The source, with a maxi-
size of the source (Sectién B.1). Standard calibratiorrieckes MUM extension of- 27, fits well within the primary beam of
and sources — including pointing, focus and flux calibratien the€ ALMA 12meter antennas at this frequeneysg”), so no
were used. Data were processed with MOPSIC, an upgradé%@t've flux corrections are required across the field.

the MOPSI software package (Zylka 1998).

2.10.2. Band 6

2.10. ALMA

~ The Band-6 science goal was executed on 2012 April 23, with 17
H1429-0028 was observed by ALMA as part of the projech| MA antennas in the Cycle 0 ‘extended configuration’ (max-
2011.0.00476.S (ALMA Cycle 0; P.I. G. Orellana). Data fronimum baseline 0400 m). The adopted setup included four
two of the five approved ‘science goals’ — Band 3 (centreghectral windows: SPWO, with central frequency 242.802 GHz
at 107 GHz) and Band 6 (234 GHz) — were observed duriRghs centred on &P, — 3P, (rest frequency 492.161 GHz);
shared-risk time (Cycle 0) and form the core of this pubi@at spw1, with central frequency, 241.614 GHz, was centred on
The remaining three science goals in our proposal were not @i (J:10-9, rest frequency 489.751 GHz); SPW2, with central
served successfully by the end of Cycle 0. frequency 227.450 GHz, was centred on CO-{J33, rest fre-

All spectral windows (four in each set-up) were set iquency, 461.041 GHz), previously detected by APESPEC;
frequency division mode (FDM) with a 1.875-GHz bandSpwa3 was centred at 225.950 GHz in order to trace the source
width (0.488 MHz channel width), equivalent t2400kms®  continuum. The choice of SPW tuning involved the line of inte
(~0.6kms?) and~5350kms* (~1.4kms?) in Bands 3 and est, even though this meant some overlap of the SPWs and thus
6, respectively. The tuning was based on the CARMA redsh#bme loss of sensitivity for continuum images.
estimate ofz = 1.0271 (Section_3]4). The total on-source inte-

AR L ' At these frequencies, Titan is clearly resolved by the Ishge
gration time was about 30 min in each band. Titan was used zﬁa%elines, hence the flux of the phase calibrators was deguim

flux calibrator and J1258057 (3C 279) as a bandpass calibratO{ - : o
. . 7in a subset of short-baseline antennas. Titan showed lirig- em
The phase calibrator, J140878, was observed evesl4min g 5 "0 spectral window, and théected channels were

in Band 3 and every12 min in Band 6. flagged. Channelsfi@cted by atmospheric emission were also

_ Data processing was done using CABHitial calibration, flagged. The six observations of the phase calibrator redeal
including water vapour radiometer (WVR) corrections, Hha%Iean phase solutions with minimal phase variatiot® (over

and amplitude calibrations_, were performed by the ALMA SCho min) for all antennas. All SPW3 data from one antenna
ence operations team during quality assurance (QA). Oun te V05, were flagged '

checked the phase and amplitude steps of the calibrati@h, an

re-processed the data taking into account the new Butler-JP  The final uv data-set, based on 16 antennas with a max-
Horizons 2012 models. imum baseline of 400m, allowed the source to be im-

aged at a resolution 0£0.81'x0.58’(natural weighting) or
~0.63"x0.54’(uniform weighting). Again, no relative pointing
2.10.1. Band 3 flux corrections are required across the field. One selbration

n was done using the CO (3>8) map in order to further cor-

. r
Of the two approved Band-3 science goals, only one was gp- i . . X . .
served. In this science goal, the first spectral window W%%Ct phase-delays on this dataset, improving the imagtyfiial

centred at 113.7341 GHz to cover th€O (J:2-1) transition
(rest-frame 230.538 GHz). The remaining three spectrat WiB ;1 pata from wide-field surveys
dows were tuned to trace continuum emission at 100.879 GHz, ™

102.121 GHz, and 112.235GHz (rest-frame 204.482, 207.0¢{yen the wealth of deep wide-area surveys available today,
and 227.500 GHz, respectively). _ _ ‘more multi-wavelength photometry information were found
This science goal was executed twice. The first executignthe following surveys: Sloan Digital Sky Survey (SDSS,
was on 2012 May 9 with 16 antennas in the Cycle-0 ‘extendg@irk et al.[2000), VISTA Kilo-Degree Infrared Galaxy survey
configuration’. Two of the 16 antennas presented visibleespi (vIKING, Sutherlant 2012), Wide-Field Infrared Survey Ex-
in their bandpass and the data from these antennas weredlelgfiorer (WISE,[Wright et dl._2010), and-ATLAS (Eales et al.
To conform with the Cycle-0 specifications on the minimuip10). From these surveys we obtainggiz (SDSS),ZYH JKs
number of antennas, a second execution of the science g®aKING), 3.4-22um (WISE), and 100-500m (H-ATLAS)

was made on 2012 July 28. Here, the 25 antennas were inpidtometry. We discuss the flux density measurements @tain
improved Cycle-0 ‘extended configuration’, with baselit®s from these datasets in Sect[on]3.7.

tween~20 m and~450m. Data from one antenna, DV02, was

flagged by the ALMA science operations team; antenna DV08

5 Further runs finding phase or amplitude solutions did notység-
4 httpy/casa.nrao.edu nificant improvement.
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Fig. 1. Multi-wavelength morphology of the H1428®028 system. Images aré i size. North is up; East is left. Both the foreground galarg
the lensed galaxy — in the form of an Einstein-ring — are dettand resolved in the near-IR high-resolution imaging-¢mw; F110W, H, and
Ks are displayed with aasinh scale, but with dierent flux ranges). The knot nomenclature adopted throughetpaper is indicated in theg
imaging. Top-right panel shows a near-IR colour image (diggd with asgrt scale; images combined with the same flux range). Two bol#éim-
panels show ALMA 234- and JVLA 7-GHz continuum maps. Thesecampared again§t110W andKs morphologies in the two bottom-right
panels. Blue contours (ab3 V2-increments up to 67Jy beam?, 150, and 2%, with o = 78uJy beam?) refer to the 234 GHz continuum,
while red contours (at@, V2-increments up to 72Jy beam?, 15, and 3@, with o = 10uJy beam?) refer to the 7 GHz continuum.

3. Results Although the morphology at rest-frame optical may hint at a
guad-lens system, this is only observed in kheband. Restor-
ing the JVLA map with Briggs weighting (robusd), yielded

In general, seeing-limited ground-based observations ®foeam size of 0.2%0.26” and does not confirm the quad-
H1429-0028 reveal an almost point-like source. Resolving thens morpholod¥: Also, the relative brightness of the knots
system requires space-based, adaptive-optics- (AO-ptedsi are not consistent with a simple quad-lens system, nor i® the
or interferometric observations (Sectibh 2). Figlite 1 shaw @ relatlve-knot-flux rr_latc_h between the optical and mm-to-cm
colour image of the system, made usiHGT-F110W (blue), spectral regimes. This hints at an extended background:sour
Keck-AO H (green) andKs (red) imaging. These data clearlyor @ multiple-source background system, @ieets induced by
reveal a foreground source with a bu_l.ghsk morphology, and the foreground SyStem. This will be discussed in Se(ﬁﬁh 4.1
an almost complete Einstein ring with a diameteraf.4”. We
identify four possible knots: two in the southern regiondteaA :
and B); one in the north-east (knot C) and one in the north—wgéz' Optical spectroscopy
region (knot D). The Gemini-South optical spectroscopy (Seclioh 2.2 andZjig
TheHST imaging shows an additional faint arc-like featurshows the clear detection of the Ca H and K absorption lines
extending from north to east, 1” from the centre of the ring. and an Qr emission line. For a template, we used a 5-Gyr-old
TheHST F110W filter covers the 460—678 nm rest-frame spesimple stellar population from_Bruzual & Charlat (2003) kwit
tral range of the background sourag,¢.= 1.027, Sectio 3]3), solar metallicity. While this template does not perfectlatoh
which includes potentially bright emission lines like Hadp so the lensing galaxy spectra, it isfgient to determine a precise
the arc could trace an extended region of star formation. redshift. The corresponding spectroscopic redshift ofehsing
The JVLA observation of 7-GHz continuum and the ALMAgalaxy isz = 0.21844+ 0.00046 based on the Ca absorption
observation of CO(43) and 234-GHz continuum also providdines.
resolved imaging of the system (see the two bottom left-hand
anels in Figurgll). The JVLA and ALMA continuum maps ar
gverlaid as %ontoars on tHeST F110W and the Keck AOlriS 3.3. Z-SPEC on APEX

images (two bottom right-hand panels in Figlite 1). The morhe APEXZ-Spec spectrum of H142®028 is shown in
phologies closely match each other, with A and B knots appegigure [3. The two reliably-detected lines are identified as

ing as one. The slightftset on knot D may result from centroidc o (J:4-3) and CO (J:54), yielding a redshift of 1.0260.002
position uncertainty due to the low signal-to-noise détectut

it can also be real sinceftierent components are being traced it Further increasing the resolution yields too noisy a magrasvdany
each data-set. conclusion.

3.1. Multi-wavelength morphology
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. CO (J:5-4) integrated flux to be 35.7 + 6.1 Jy kms?, which
Observed Wavelength (A) is still consistent with CO (J:54) being responsible for all the
4500 5000 channel flux (4® + 5.9 Jykms?).

- - Since our ALMA Band 9 observations, targeting
CO(J:12»11) and J:11H10) atz = 1.027, were not ob-
served, we defer any study of the CO ladder to a future arsalysi
when more transitions have been observed.

Finally, we highlight the channels with flux levels at the
~ 20 level corresponding to the summed contribution of mul-
tiple transitions. At~242 GHz, the background CS (J:2:@)
and [C I°P; — 3Py] transitions yield together a flux of 14+
55Jykms?t. These two transitions were observed by this
project, and further discussion is given in Section] 3.5. At
~242 GHz, foreground3CO (J:3-2) and G80 (3-2) transi-
tions couple with the background® (5-4) transition, yield-

. . . . . ing a flux of 88 + 4.2 Jykms?. Also, two absorption features

3200 3400 3600 3800 4000 4200 4400 may be observed at265 GHz and~300 GHz (at~ 20). These
Rest Wavelength (A) frequencies match, among others, those of foregroup@, H

HCO, NHz;, and CHOH transitions. Future observations will

Fig. 2. The foreground spectrum observed with GMOS-S at Gemirfest the reality of these absorption features.

South. The black line shows the observed spectrum, whilevadaid

red line shows the best-fit early-type template. The thretca lines

indicate the wavelengths of theiGand Ca H and K lines. 3.4. CARMA

The system was not spatially resolved by our CARMA obser-
vations. The CO (J:21) line is dfset from the initial tuning,
implying an improved redshift estimate (in comparison tatth

1 obtained from Z-SPEC) of = 1.0271+ 0.0002. The velocity-

4 integrated line flux is 14 + 1.8 Jy km st.

4000

400

2, = 0.21844 +/— 0.00046
300

Flux {arb units)
no
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3.5. ALMA Data: Line emission

LCO(3-2) + CO(5-4)

CS(10-9) + CI

Fig.[4 shows the moment maps of the four lines observed with
ALMA: CO(2—1), CO(4-3), [CI13P; — 3Py] and CS(16-9).
1 Eachrow shows the moment maps of a single spectral linegwhil
4 each column shows filerent moments (left to right): integrated
, , , .1 spectral line flux (moment 0, MO), velocity field (moment 1,
200 220 240 260 280 300 M1), and velocity dispersion (moment 2, M2). The overall-Ein
Frequency [GHz] stein ring morphology is seen in the higher-frequency liesl

_ ) the emission can be separated into three main componeats: th
Fig. 3. The Z-Spec spectrum of H1429-0028 with observed frequengyiqntest region in the south (knots+B) is extended towards
on the x-axis and flux density (mJy) on the y-axis. Reliabljed®d "1 14 \vest (knot D), while a third component is observed

lines include CO (J:43) and CO (J:5+4) atz = 1.026+ 0.002. The . FULUE
channel where CO (J:54) from the background source is observed! the north-east (knot C). The COZL) emission is close to

is likely contaminated by CO (3:32) from the foreground source, Unresolved, but the clean component map shows the presence

Colours represent channels with line emission from thegmmqu of the A+B and C knots. All emission lines are detected in the

source (yellow), background source (red), or a mix from bilue, brightest southern component. The CS{9) line, however, is

see text for more details). The solid line shows the fit to trtiouum, not reliably detected toward the C and D knots.

while the dashed line represents thedrror above the continuum. The line profiles are also shown in the right-hand column in
Fig.[4. The CO shows a double-peaked or plateau profile with

] a redshifted tail. That is also observed individually in theB

for the background source. The integrated fluxes ar® 87 knot (Fig.[3). Although it is diicult to claim the same for C|

8.8Jykms! for CO(J:4-3), and 400 + 59Jykms" for and CS, the peaks in the latter do appear to align with those of

CO (J:5-4). The continuum was considered to be power-lao. The line emission from knot D is predominantly observed

(f oc Va) with a SpeCtral-W\dex o = 1.76+ 0.23. Systematica"y redshifted.

The redshift of the foreground source implies that the Table[d details the emission line parameters for the system
CO (J:3-2) transition falls on the same Z-SPEC channel ag a whole and for each knot. Line luminosities of a transitio
the background CO (J:54) emission (at an expected frequencyL; ) are estimated as follows:
separation of\v ~ 0.4 GHz). Also, the foreground CO (3:21)
emission line falls in a very noisy part of the spectrum (af;,.= 3.25x 10" SyansAV v52, D? (1+ 273,

189 GHz), showing a detection significance level~0f2.80

(329 + 11.7 Jy km s?). Attempting to constrain the flux of themeasured in Kkm3 pc, where the integrated fll8:oAV is in
foreground CO (J:3:2) transition provides a broad flux rangely kms?, the observed frequeneys is in GHz, and the lumi-
(4.2 £ 1.5 - 329 + 11.7Jykms?) assuming CO(J:21) to nosity distancd, is in Mpc (e.g., Solomon et al. 1997).

CO (J:3-»2) ratios observed for spiral galaxies (Braine etal. We would like to highlight the flux density agreement be-
1993; |[Mao et al. 2010). Hence, we expect the backgroutvdeen ALMA observations and those of Z-SPEC and CARMA.

Flux Density [mJy]
w
=]

g [
(=] =}
LREEEELERRERRREFRTR RS
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Fig. 4. Moment maps and line profiles of the emission lines detect@tll429-0028 as observed by ALMA: CO{21) on the first (upper) row;
CO(4—-3) on the second row; CS(269) on the third row; [CPP; — 3Pg] on the fourth row. The columns showfiiirent image moments: moment
0 (MO, velocity-integrated flux, left), 1 (M1, velocity mamiddle), and 2 (M2, dispersion map, right). Natural weigbtivas adopted to produce
the moments. The beam is shown at the lower right in each pareeshaded ellipse. Axes units are arcseconds. Colous sfd#9 are from -0.3

to 8 (first row), 18 (second), 2 (third), 5 Jy km'gfourth). Colour scales in M1 and M2 are, respectivel200 to 200 kms! and 0 to 170 kms.
The right-most column shows the line-profiles at a specesbliution of 40 kms'. The first row also shows the CARMA spectrum as a dotted
line.

For instance, even the faint detection of the joint emis§iom then created a higher signal-to-noise continuum map by com-
CI13P; — 3Py and CS(16+9) in the Z-SPEC spectrum yields abining all line-free channels to obtairffective bandwidths of

flux estimate (14 +5.5Jy kms?) in good agreement with what5.0 GHz and 4.7 GHz in bands 3 and 6, respectively. It should
is estimated from the ALMA observations (24-2.0Jykms?). be noted that two of the spectral windows were positioned in

As mentioned before, the Z-Spec data suggest an upper lifig lower side band, and the other two in the upper side band,
on CO(5-4) luminosity of L. < 8.041%. Together with meaning alfrequency gap of 8.2 and 10.4 GHz in bands 3 and 6,
o1 respectively
the other observed lines, this yields line ratlosé?; Table[2 lists the total and knot continuum flux densities in
1.37 + 0.15, 00<2~1> > 2545, and cows) > 1.77_039. Hence each spectral window and each band. The total flux estimates

H1429—0028 has values conS|stenctovE\F/?th line ratios observed jeld a millimetre spectral index (wherle o< 1) of = 3.20

SMGs and QSOs (within the natural scatter of these popuigtio ™

Carilli & Walter 2013). The number of channels used in SPWO of the band-6 ob-

servations (B6-0) is reduced due to atmospheric line flaggin

resulting in a larger flux error. In band 3 SPWO (B3-0), thes.m

3.6. ALMA: continuum emission level is high due to the reduced number of line-free channels
in this spectral window targeting CO{21). As a result, while

Continuum-only images were made individually for each specomputing the millimetre spectral index (whefex %) we

tral window (in each band) after discarding channels wite li adopt the flux density obtained for band-6 SPW1 to compare

emission from the transitions presented above. In additian with that for band 3 SPW1. Such comparison implies a spec-
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Table 1. Observed lines in H1429028.

Line Region obs. (rest) fred. redshift Line peak Integ.flux Linewnm? Lians
[GHZz] [mJy] [Jy kms?] [kms™] [1LE10K kms?t.pc]
CO (J:2-1) Total 113.7320.001 1.0270111.8E-5 32.86.2 15.%1.0 46912 21.21.4
A+B (230.538) 18.143.4  7.980.43 5016 11.22-0.60
C 10.2t2.0 3.580.37 40617 5.04:0.52
D 45+2.1 1.6%0.35 46136 2.26:0.49
CO (J:4-3) Total 227.4320.004 1.0271543.5E-5 89.99.9 43.93.7 48113 15.51.3
A+B (461.041) 46.24.6  24.41.9 496:13 8.60:0.65
C 21.8:4.2 10.2:1.7 445:18 3.5%0.60
D 17.5:3.8 6.c:1.4 38319 2.02:0.50
CS(J:16»9) Total 241.5680.027 1.027382.2E-4 3.@23.2 0.730.53 34483 0.23:0.17
A+B (489.751) 3.226 0.720.46 34483 0.25:0.14
C <2.1 - - -
D <2.1 — - —
CI(3P. —3Py)  Total 242.8190.010 1.0271817.2E-5 33.59.6 13.42.0 47927 4.14:0.60
A+B (492.161) 18.85.4 7.5:1.1 447121 2.320.34
C 8.9+5.3  3.2%0.89 45536 1.06:0.27
D 7.2+3.4  2.380.92 40439 0.73:0.28

Notes. Information of the diferent line transitions targeted by our ALMA observations.0E in columns 4 to 8 indicate therluncertainty.
Upper limits are set at thev3level. Fluxes measured in the clean component map usingah&taighting.

@ The observed frequency as computed assuming a Gausside.pFb# value in parenthesis refers to the rest-frame lieguency.

® The adopted redshift &= 1.027 (0. = 68283 Mpc).

400 0 400 400 0 400 3.7. Multi-wavelength photometry

Photometry was gathered in a larger range of the spectruam (fr
U to 4 cm). The system is of course composed of both the fore-
ground and background galaxies, which contribufiedéntly in
each spectral regime. A detailed study of the foreground and
background SEDs contribution to the total SED is presented i
Sectior 4.P.

The SDSS fluxes refer to the ‘model magnituflgsovided
in the SDSS-DRE¥xplore Home (Ahn et al. 2012). This is what
is suggested by the SDSS team when the goal is to estimate
galaxy colouf§ as it is done in Section 4.2. THeST-F110W
flux is that within the elliptical aperture used for the detulang
analysis described in the next paragraph. The VIKII@tzer
IRAC, and WISE fluxes are measured within~&"diameter
aperture. The adopted aperture size does not include raighb
flux given that the closest sources are at a projected distainc
~12" (very faint source) and 17".

Fig. 5. Line profiles of the emission lines detected in H142028 on Finally, given the angular size of H1420028 being much
each of the specified knots+#8, C and D (grey boxes): CO43) smaller than the FWHM of thelerschel bandsHerschel SPIRE
as solid black line; CS(169) as a dotted red line (scaled up by dlux densities are those directly derived by the Multi-band
factor of 2); and [CPP, — 3Py] as dashed blue line (scaled up byAlgorithm for source eXtraction (MADX, Maddox et al. in
a factor of 2). The bottom right panel compares the line msfiff prep.), whileHerschel PACS flux densities are estimated for the
g‘g(ﬁi‘f&?'é C%(%l)) (dashed "rEyef’ sca;led UF: bly a fe}cttpr of 2.5) andp|RE source position within apertures of {@00um) and 1%

. solid line) emission. LAerent Spectral resolutions areé conyy go,m). This procedure is described in detailin Rigby ét al.
sidered (20km's for CO(2-1), CO(4-3) and Q, and 40km's' for §201:L). PACS and SPIRE data reduction are described, respec

P S - p— g oty
-400 0 400 -400 0 400

CS(10-9)). They-axes have the same span in all panels, except t}he . 3

bott(om rig)l)ht one.)/The x-axis range+$00 th)> 800 kms? in all panelsp. vely, in _Ibar etal. _(2010) and Pascale et al. (2011).

The horizontal solid line indicates the zero-flux level. Hazkground Judging from Figl 1, the foreground and background sources

colour image is the CO(3) moment-0 map from Fil 4. are more similar in brightness at rest-frame optical thaorag
wavelengths, where the background emission dominates- In o
der to estimate the flux of each of the two sources in the higth re

tral index of = 3.35+ 0.84. Comparing théderschel 500um  olution rest-frame optical imaging (i.e. in thST F110W and

flux (2278 mJy) with that at 1.28 mm, one obtains a spectral in-

dex of,B_ =389+ 041 (havmg factoring in a conservative 10%7 1. spss magnitudesu and z have been converted to

flux calibration uncertainty foHerschel). The diference in the aAg  magnitudes by adding, respectively, -0.04 and 0.02.

slopes, even though consistent within the errors, is eggeltt The gri photometry is expected to be close to ABn:

result from free-free emission contributing to the 2.8-mon-c |http//www.sdss.orgdryalgorithmgfluxcal.htm|

tinuum (e.g. Thomson et al. 2012). 8 httpy/www.sdss.orglr7/algorithmgphotometry.html
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Table 2. Continuum emission from H142®028.

SPW  Acent r.m.s. Total ArB C D
[mm] [mJy] [mJy] [mJy] [mJy] [mJy]

B3?2 2.80 0.025 0.540.1° 0.374:0.044 0.10%0.044 <0.075
B3-0 264 0.063 0.720.22 0.49-0.13 0.2@-0.16 <0.19
B3-1 2.67 0.038 0.470.13 0.3090.067 0.0580.067 <0.11
B3-2 294 0.070 0.220.10 0.22:0.10 <0.21 <0.21
B3-3 297 0.054 0.560.16 0.380.11 0.11%0.094 <0.16
B6 1.28 0.078 5.860.99 3.69+0.28 1.3%0.27 0.71%0.16
B6-0 1.23 0.217 7413 4.12-0.86 1.4@0.69 0.790.47
B6-1 1.24 0.137 6.150.83 3.6%0.48 1.390.50 0.760.31
B6-2 1.32 0.132 6.120.74 3.92.0.48 1.1%20.42 0.950.30
B6-3 1.33 0.115 5.200.57 3.26:0.40 1.220.28 0.5@0.16

Notes. Information of the diferent continuum bands targeted by our ALMA observationanbers in parenthesis indicate the lLincertainty.
Upper limits are set at thev3level. Flux densities measured in the clean component mag natural weighting.

@ Considering only the line-free spectral windows 1, 2 and 3.

® The errors consider a conservative 15% error, added in gtiady to account for flux density calibration uncertaiatysuggested by ALMA
stef.

Keck-AO H and Ks band observations), we have usedrrl notresponsible for the discrepant multi-wavelength molpy.
(version 3.0.4, Peng etlal. 2010) to fit and estimate foragtouConsequently, scenarios (i) and (ii) are those addresseckhe
and background fluxes. We have masked out the image pix@igh.

dominated by background emission (green contours in lefttha
side panels in Fid.16). The disk galaxy light-profile is calsi
ered to be composed of an edge-on disk profile plus a Sé
index profile (the latter is used to fit the bulge componenterE Qur analysis is done with the enhanced version of the semi-
though the residuals (right hand-side panels in[Hig. 6) sh@v  |inear inversion (SLI) method algorithm originally derivéy
subtracted regions (likely induced by the dust lane in the-fojwarren & Dyé [(2003) and described[in Dye et al. (2014). This
ground galaxy, Fid.]1), we expect this not to be relevant to ogode does not assume ampriori background morphology and
analysis, as these regions can be masked out while est@natilows multiple datasets to be simultaneously reconstaios-

the background flux (solid white boxes and ellipse in rightdva jng the same lens mass model. Given the likelihood of fore-
side panels). Finally, comparing ‘original’ against ‘fgreund- ground obscuration at rest-frame optical wavelengths,rthe
removed’ imaging, we estimate background-to-total flux-deges given as input are the velocity-integrated GO@% line

sity fraction within the same aperture (red dashed ellipsthé map and the 7-GHz continuum map. Both maps were recon-
figure). These fractions are 20+ 1.3% at 11um (F110W), structed with similar beam sizes and equal pixel scales.

r@:‘i%‘l' Lens characterisation

29.7+0.1% at 16 um (H-band), and 4@ + 0.1% at 22um (Ks- The lens modelling we pursue assumes an elliptical power-
band). law mass density profile Kassiola & Kovhér (1993):
k = ko(F/1 kpc), (1)

4. Discussion

where: « is the surface mass density is the normalisation
surface mass density;i§ the elliptical radius defined by =
As referred to in Sectioh 3.1, despite presenting a quas-ler’?+y?/e? (e being the lens elongation defined as the ratio of the
like knot positioning inKs-band, the relative brightness of thesemi-major to semi-minor axes); andis the power-law index
knots is troublesome. While in the rest-frame optical thenGtk relating the volume mass density,with radius,r: p « r=@. The
appears much brighter than therB knots, the opposite hap-profile is also described by the orientation of its semi-majas
pens in the CO and mm-to-radio continuum emission (Eig.(& measured counter-clockwise from North of the semi-major
and Tabld1l). A few relevant scenarios may explain such mullixis) and the position of the mass center in the image-ptane (
wavelength relative knot brightnesses: (i) the backgramuice y.). External shear is not considered, because no evidenits for
is extended or clumpy; (ii) significant foreground obsciarats presence was found during the analysis.
affecting the emission of knots A, B, and D at rest-frame optical The geometric average of the Einstein radi@s, is com-
wavelengths; (iii) C is being micro-lensed; (iv) a non-stard puted as:
dark-matter halo structure; (v) variability.

For the current discussion, we will assume that scenafips (j g 2 1 «o \71
and (iv) do not apply given the lack of data to address such p£ ) = ( — —)
sibilities, but we acknowledge their likelihood. Based be fact Tkpe) \3-a V{9 Zer
that the JVLA observations in 2011 June and those of ALM@ynere s.r is the critical surface mass density (e.g.,

between 2012 April and July show similar morphologyH® [Schneider et al. 1992). The best fit parameters resultimg fine

knot being the brightest), which is distinct from tR& 10W-to-  5naysis referred above akg = 0.399:09% 5 1010 M, kpc 2,
Ksimaging (C knot being the brightest) taken between 2011 De- _ 2-08f8'857;- e = 146004 o — 135'93:3 deg, andde =

cember and 2012 February, we can safely assume varialsilitg i 1_ -0.03'

8019 pc (06177335¢"). The confidence limits are shown in

4.1. Lens model

-0.27
9 httpy/users.obs.carnegiescience jpangwork/galfit/galfit.html Fig.[]f.
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HST F110W

Fig. 6. UsingcaLriT to estimate the foreground emission profile. North is up Eaeft. Left-hand side panels show original imaging frét8T
F110W (upper row), Keck-AQH (middle row), and Keck-ACK, (bottom row). The right-hand side panels show the residafs foreground
emission subtraction using the model in the middle pandis.green contours in the left panels delimit the mask useddioate pixels masked
out in thegarrr analysis. The red dashed ellipses encompass the regior wieeflux was estimated. The extra squared regions on the righ
panels flag out over-subtracted regions for improved phetom

In order to assess how well each dataset has been redbn¢ significance of 1.9 and 0.4 for the 7 Ghz and CO&E3)
structed, we computed (i) the significance (flux density éaol datasets respectively.
residual r.m.s. ratio) of the flux density in pixelssatlo in the
masked residual image, and (ii) the number of residual image

pixels with a significancg greater than 2'0. as a fraction ef th An alternative approach to the procedure just presented is
total number of masked image pixels. This is instead of AUY¥ascribed in_Calanog etlal. (2014), wheresr and GraviENs
ing Bayesian evidence, which is meaningless when not compgiaeton[2001) are used iteratively to model the lens in the
mg_modetl)s,t\znd |str:nstead of ﬁ]uoth@, V;’h'fCh' owmgl to (;; near-IR observed-frame. The surface mass density of the len
variance between the source piane pIxels irom reguiadisall ;o 455 med to be described by a singular isothermal eltipsoi
the SLI method,d%i%%lll-deﬂned number of degreese. [k ormann et dl. 1994). The background source is assumed
of freedom ¢; se 6). Regarding assessment ( ‘comprise one or more components with Sérsic light profiles
8). No foreground obscuration is considere@ Th
est solution implies a complex background morphologyeghr

we measure a fraction of 20 residuals of 0.2% and 0.5% for

the 7 GHz and CO (J:43) data respectively. We have verifie

that both datasets are well described by Gaussian statestid ; A 0.00271

therefore attribute the fact that this is significantly lowean the compqnent;) and'the following SIEOE(?Z/r’ametbrs. 0'738%90%02},

expected fraction of 4.6% to the fact that the SLI method fitd"® Einstein radiusjox = 0.02775q05", 6y = 0.044%5553",

away some of the image noise. Assessment (i) yields a rdsidaa 0-208'500; (the ellipticity), & = ~51.0*53 deg. The fit qual-
ity, as assessed vi&-statistics, ig¢?/v = 5452/2097= 2.6.
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Fig. 7. The parameter confidence space. Parameters shown are the nor
malisation surface mass densiky (n units of 13° M, kpc2), the lens

elongation §), the mass profile power-law index), and the orientation 0
of the lens semi-major axi® (n degrees measured counter-clockwise I 1 1
from North).

Fig. 9. Using the Antennae galaxy merger as a toy model to help vi-
sualise the background galaxy of H1429-0028. The two uppages
show theF110W source-plane reconstruction from Fig. 8 (left hand-

de) and the Antennee galaxies as seen in the optical (rigid-h

The best-fit parameter set was used to also reconstructz ). The two bottom images show the CO {33} velocity-integrated
source-planes of the 243 GH&s-band, and=110W-band con- f,x source-plane reconstruction from Fig. 8 (left hance}idnd the

tinua emissions. All the reconstructions are shown in Elg. 80(J:3 = 1,2,3) map in the Antennz galaxies as observed by
While the 243-GHz continuum map is nicely modelled (no emigd.MA. Image credits;: NASA, ESA and Ivo Saviane (upper-right pic-
sion peaks above 14§, the algorithm still struggles to fit knot ture), ALMA (ESO, NRAO, NJAO; bottom-right picture).

C in the optical rest-frame imaging. This is also reported by

Calanog et al.. (2014), where even after considering a comple

morphology, the fit was still poor. Here, the SLI method as@ly ~ As for a toy model, we show in Figl 9 the Antennae galaxies
is not limited toa priori background morphology andftirent for comparison. Although it is not a 100% match, the resem-
scenarios of foreground obscuration are considered (lmaste  blance is significant, explaining properties such as whyotte
caLrir foreground light profile, see Séc. 4.2). Still, the fit is poocal and mm frames are dominated byfelient components, and
Hence, one concludes that either the foreground obscargtio the presence of tidal tails appearing North-Eastward anthso
not properly accounted for (e.g., due to clumpiness), ostite ward to the caustic on, respectively, th&10W imaging and the
face mass density models adopted in both works fail to empldt110W and 7-GHz imaging.

the background morphology at high spatial resolutio92”).

The background source morphology at long wavelengths, s
dominated by extended north-south (NS) emission alongtide f
and reaching the cusps. There is emission dispersion taittie N The dynamical analysis is, at this point, limited to the hert
of the north-west cusp and to the east of the fold. The latier-c south component. Future optical integral field spectrogaop
cides with the dominant emission in tg-band with an approx- deeper ALMA observations are required to study the east-wes
imately east-west (EW) direction. Notice that the NS featisr component. Applying the best-fit lens model to the CO (Js4
also observed in this-band, even though significantly fainter3) cube allows one to study the source dynamics in the source
The two features show a position angle-o80 deg between eachplane. Fig[ZID shows the CO (J:4 3) moment maps: velocity-
other and seem to be two distinct components. We take thisi@@grated line flux, velocity field, and velocity dispensiadt is
evidence for a merger system. Such a scenario may explain¢lr that the southern emission is predominantly blutehif
north-eastern arc-like outer feature observed irfth&0W band while that in the north is predominantly redshifted.
with a length of a few tens of kpc in the source plane. In order to estimate the dynamical mass of the background

IniCalanog et al. (2014), the background source is foundgource, we consider the ‘isotropic virial estimator’:
be composed of two small sourcedtéetive semi-major axis
of ~ 0.03”) and a larger 4 0.18”) third component with a _ 2
north-south position falling to the east side of the caustic Mayn = 2.8 10° (Avewu)” fuz
terms of surface brightness, the two smaller sources ddeina _
and fall along the position of the EW feature referred to aowhere [Myn] = Mo, AVewnm is the CO(J:4>3) FWHM
Hence, neither approach retrieves an acceptable fit to the né481:13kms?), andry; is the half-light radius.

IR dataset, we consider that the background morphologyaeth ~ With such disturbed source-plane morphology, we avoid fit-
wavelengths is fairly consistent between the two indepetwge ting a light-profile (e.g. Sérsic), and adopt an alternatiethod
sults. to estimate 1. First, the source centrad yc) is found by min-

4.1.2. Source-plane reconstruction

.3. Source dynamical analysis
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Fig. 8. The multi-wavelength source reconstruction of H142928: CO (J:4»>3) (uniform weight, top row); 7-GHz continuum (Briggs wetgh
robust= 5, top middle row); 234-GHz continuum (uniform weight, mieldow); Ks-band (bottom middle row); anB110N-band (bottom row).

Left column shows the observation data, while the seconanzolshows the model image-plane. The third column showsesiduals with a

scale range from-4o to 40. Contours show-3o0- (solid white),—10 (dotted white), ar (dotted black), and 3 (solid black) levels. The fourth
column shows the source-plane reconstruction, with thet@aaverlaid, and the physical scale given by the errorbiae.Ks-band frames have a
slight tilt shown by the two arrows in the left column.

imising the second-order moment of the source pixels: after stellar, dust and inter stellar medium (ISM) gas maisse
estimated.

Miotal = Z fi [(xi — Xc)2 +(yi - y0)2]7

4.1.4. Magnification factor
wheref;, X, andy; are, respectively, the flux and coordinates of
each pixel. The half-light radius was then considered todamk Table[3 shows the estimated magnifications depending on-wave
to the maximum extension in respect to the estimated soerce dength and source-plane region. The latter is addressekein t
tre among the pixels comprising half the source flux. The unceolumnsuror, uso, andusg referring, respectively, to the ratio
tainties were found via bootstrapping, i.e., the pixel flaues between the total image flux and the total source-plane fluk, a
were shifted withintr.m.s., and,2, ¢, andy; were recomputed the magnification of the brightest region in the source-plkiwat
for a total of 10,000 iterations. The estimated half-liggdius is contains 50% and 10% of the total source-plane flux. Consid-
found to ber;» = 0.90+ 0.26 kpc, and the dynamical mass teering these, the spatial fterential magnification is clear, with
be 58 + 1.7 x 10'*°M,. The discussion continues in S&c.14.5jifferences of up to a factor ef4. This is unsurprising given
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Fig. 10. The source-plane dynamical properties of H1-4@928. The left hand-side panel shows the velocity-integtaitensity map. The middle
panel shows the velocity field, while the right hand-sidegbamows the velocity dispersion map. Colour scales for titglla and right panels
are given by the inset bar.

the spatial extent of the source and its proximity to the taus probability distribution functions (PDFs). To obtain tkesve

Hereafter, the adopted value for magnification willkher. utilise themacruydY software[(da Cunha etlal. 2008). This code
considers the latest version of the Bruzual & Charlot (2003)
Table 3. The multi-wavelength magnification of H1420028. stellar population synthesis code, where the new presanipty
Marigo & Girardi (2007) for the thermally pulsating asymiito
Data uror® 1s0° H1o° giant branch evolution of low- and intermediate-mass sigrs
HST F110W 79+08 110+09 73+09 considered.
Keck K 89+07 110+07 112+07 We first remove foreground light from the total SED. The

ALMA CO(J:4—3) 97+0.7 139+09 250+1.9 foreground rest-frame optical spectral range is tracedhey t
ALMA 234 GHz 108+ 0.7 143+ 08 260+20 high-resolution |mag|ng in thE 110N, H, ansz bands. To help

IVLA 7 GHz 52+05 116+11 202+18 constrain the.obscuration at short-wavelengths, we _cenaigi-
band upper-limit 3 away from the total-flux detection. Also,
Notes. @ The ratio between the total image flux and the total sourct?€ non-detection at mm wavelengths provides an uppet-limi
plane flux. (at the 3r level) with which to better constrain that region of
® The magnification of the brightest region in the source-plémt the foreground SED. In order to take into account errors én th
contains 50% of the total source-plane flux. multi-waveband analysis (i.e., mismatched aperture sindsb-
© The magnification of the brightest region in the source-plémt solute zero points, and calibration errors), we add in cpiade
contains 10% of the total source-plane flux. 0.1 magnitudes~<9% of the flux) to the photometric error. This
procedure yields a flux PDF for each b&hdrhese PDFs were
used to determine the amount of foreground flux to remove from
total photometry flux. The dierence between the two in each
4.1.5. Stellar mass contribution to the lens effect band gives the background flux.
. . Before one proceeds to analyse the resulting background
In Section[4.2 we estimate the foreground stellar mass 10 §p, "one has to correct for the possible foreground extincti
2.8"19 x 10°°Mo. Adopting the fraction of light in th& band affecting knots A, B, and D at short wavelengths (Fig. 1). We
within the average Einstein radius (57%) to be a proxy of th,s consider three scenarios: (i) there is no foregroutidex
fraction of the stellar mass within that same radiu$@lys, < {ion (ji) the extinction s linearly proportional to or {iweighted
10'°Mo), one can estimate the stellar mass contribution to th@ pixel flux of the foreground light-profile model obtainetw
lens dfect. From the lens analysis and integrating Equdtiongiieir. The diterence between scenarios (ii) and (jii) is that ex-
over theta and radius, we know that the total mass within¥he inction will be more centrally concentrated in (iii). Seetos
erage Einstein radius is M(6g) = 8.1373 3} x 10" Mo. Hence, (ji) and (iii) can be translated into the following equation
the stellar mass contribution to the deflectideet is 197*21%.

e

(i) &, ™ = fi— (2)
f
4.2. Foreground and background SEDs 5
As expected for a gravitational lens system such (@ﬁ)eﬂ_f‘ﬂ DL 3)
H1429-0028, the SED is actually a combination of twi L L
individual SEDs, and their deblending is required to study >fi Xf >

each galaxy separately. The spatially resolved photonwdtrywhere the index refers to a given pixel at 3o, fj is the pixel
the two galaxies in th&110W, H, andKs bands, and ALMA g, F andZ ¥ are, respectively, the foreground light-mode flux
observations indicate that, down to the data sensitivityack- ’ 2 » Fesp ¥, g g

ground system is the sole contributor at least in the mm sgecte www.iap.fymagphys

range. Given the lack of spatially resolved photometry, We The use of upper-limits and the extraction of flux PDF was ibtess
avoid working with best-fit solutions and consider insteaxk fl after changing the standasdcruys code publicly available.
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average and weighted average of pixels 8-, andr, is the ab-
sorption optical depth at a given waveband. The latter iainbtl
with equations (3) and (4) from da Cunha etlal. (2008), where

-1

is given in this work by therageays analysis of the foreground 10_2 i i
SED, which yieldsry = 339388 The assumed backgrounc & 10" [ 1
morphology is that observed in the Keck AQ-band. The fi- E 10°F .
nal adopted flux estimate is the average between the maxim = ;44 1 4
and minimum values (including error) from the three scargri g 105k i
with an error equal to the maximum deviation from the averag 2 . —— MagPhys
The ‘continuum’ data point from MAMBO2 was left out =5 10°F —  MBB-Thick|]
from the analysis due to line contamination. Considerirg tl ™ 107 — MBB-Thin
MAMBO2 response curlfd, the ALMA estimates for the con- 108 F [ Data H
1

tinuum level, line-flux estimates for CO& 3) and C IfP; —3
Po), and Z-SPEC for CO(5— 4), and a spectral slope = 10° 10 10” 10°
3.89 + 0.09 (Sec[3), one should observe a MAMBO2 flu

of ~ 10.0 + 0.14 mJy, which is more in agreement with the 3 10k L i
actual observed value (I+ 2.5mJy). The ALMA band-3

continuum estimate (rest-frame 216 GHz) was also discarc *=

given the evidence for free-free emission contaminatiea édso 10tk L L ! ! i
Condof 199Z; Thomson etlal. 2012; Clemens &t al.[2013) dur 10° 10' 10 10°

the analysis. A [pm]

We a]sg attempt to correct forfierential magmf'(.:atlon by Fig. 11. Comparing the input flux data points (errorbars) and the pre-
demagnifying the bands shortward tke-band (inclusive) by @ jicted fluxes byuacriys (grey regions referring tod, 2o, and 3- con-
factorof 89+0.7, by 985+ 1.65 the bands shortward of 1.28 MMigence intervals in the bottom panel). The best fit model ftoenac-
(exclusive), and by 18 + 0.7 the 234-GHz continuum flux (Ta- puys analysis is shown as a grey solid line. The best-fit modets tiwe
ble[3). modified black body fitting are shown as red (optically-thiglse) and

Finally, given the nature of the source, the standard modélse (optically-thin) solid lines. The bottom panel showe flux ratios
accompanyingiacrrys have shown limitations to cover the necwith respect to the 50% quartile of the flux PDF at a given band.
essary physical parameter space, as described by Rowlaalis e
(2014); hence, for the background source, we have adopged th
models presented in that same work, which are better suited® compare the success between the two codes based pf the
more extreme star-forming systems. value (due to the constrain in certain parameters), botfeses

Considering the above assumptions, Table 4 shows the #BProve the fit to the FIR-to-mm spectral range. Interesying
served and model predicted fluxes for both foreground ankt-bagnough, the dust mass and IR luminosity values are consisten
ground systems. For the latter, the predicted fluxes are agedp Within the errors with those obtained withcprys.
to input flux values (after foreground removal and flux denikagn
fication) in Fig[11. TablE]5 shows the SED fit results of thegphyTable 6. The FIR-to-mm properties of H1429028.
ical properties for both fore and background SEDs. The PDFs o

the background physical parameters are shown in[Fig. 12. The Case thin thick
ISM dust temperature is poorly constrained, hence not shown T [K] 35.9%43 7333
Although the fit is generally good, there is a slight tension Q@ 7,675 8.3+6.6
in the 350um, 500xm and 1.28-mm bands. The deviation in b 5 14+5§2'§ 5 25+5§£
the Herschel bands may be, respectively, assigned to emission B 7024 “4-065
from [Cu] and CO (3° = 9 — 12). For instance, considering Ao [um]© —  T79%
the [Cu]-to-FIR relation from_Diaz-Santos etlal. (2013), we es- M 18 M 5 9+19 4.9+18
timate a [Qu] flux contribution to the 350:m band of 82*3%3% dust 5 To2s s
(see also_Smail et £l. 2011). Such dfeet, however, does not Lg-1000m [101 L@] 6.253 49731
explain the overestimate at 1.28 mm, even though justaa N 2 1
level. X2 194 062

Hence, we have also considered the algorithm which fits
modified black-body models to photometry datevded,

_See, foraf:nsta.nce,. R'eﬁ]erks et alr'] 206 Fu Eectall. 2013h) (% d ALMA 1.28-mm data only. Errors arelo. The emcee analysis
Ing an ne invariant Markov ¢ an onte Carlo me_t OQonsiders a covariance matrix to account for flux calibratisues and
(Foreman-Mackey et al. 2013). Thefiérence tomacpuys IS yncertainty.

that, althoughmcee considers only one emission component, the The mid-IR power-law index.

parameter range is not limited to input models and the ojptica ® The extinction curve power-law indeg was limited to values below

thick scenario can also be explored. TdHle 6 summarisegthe3:

sults and Fig_111 shows the best-fit models. In order to comp(ft Wavelength at which optical depth equals unity.was limited to

these values, it was necessary to ligiibelow 3, the tempera- Values below 2000m. o _

ture to observed-frame 100K, and, in the optically-thickegao @ Number of degrees of freedom. This is the number of photdmetr

below observed-frame 20@@n. While it is not straightforward data points used (six), minus the number of parameters ta 8ach
case, four and five, respectively, for the optically thin a@hidk cases

12 httpy/www.astro.uni-bonn.debertoldi’project$mamb¢manua|s.htmI(T’ @, B, normalisation o).

13 httpsy/github.confaconleymbb_emcee

tes. Photometry analysis witlamcee using Herschel 100-5004m
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Table 4. Multi-wavelength photometry of H1429028.

Survey Filter Total Foreg. Backg.

Facility [1dy] [udy] [udy]

SDSS u <4.9 Q807072 0.00473555

g 5.9+0.8 43+2] 0.024'5:922

r 20.5£1.1 151%53 0.1173%7

[ 35.31.9 268720 0.387213

z 61.9:7.4 424+23 1.19°933

VIKING z 52.7+3.1 4Q7+29 1.11:2%2

Y 78.85.9 590%¢1 1.807945

J 133.9:6.7 1021*32 34702

H 192+12  134.88.4 6.4:0.6°

Ks 380£12 224.%6.9 17.41.5

HST F11ow 98.8:4.2 78.13.5 2.6:0.3
Survey Filter Total Foreg. Backg.

Facility [mJy] [mJy] [mJy]

Spitzer 3.6um  0.614:0.003 0130ﬁ§:§§§ 0.052f§:§§§
45um  0.673:0.004 0136554 0.056';

-0.029 -0.005

WISE  34um  0.558:0.014 0131399 0.047°3552
46pm  0.653:0.020 0130938 0.05372902

12um 5.39:0.15 078‘:8:23 0.40“:8:83

22um 6.22:0.76 0517039 0.67*012

Herschel  100um 821+28 2329 8012
160um 116432 332 94.8'87

250um 7786 231 64.4755

350um 467.0:7.0 11477 34.0%33

500um 227.6:8.0 46*37 14733

IRAM-30  1.2mm 10.32.5 0237218 0.910°5:38
ALMA  1.28mm  5.86:0.99 018923 0.543:0.098
2.8mm 0.540.11 Q001435921  0.05252905¢

JVLA  7GHz 0.91:0.08 <0.03 0.17%0.023

Notes. Upper limits are set at thes3level.

@ |ntrinsic (demagnified) fluxes.

® Estimated via direct analysis of high-resolutiST F110W, Keck AO H andK imaging and demagnified y= 7.9 + 0.8 in the former and
u =89+ 0.7 in the Keck bands.

© Assumed to be equal to the total flux and demagnifieg by10.8 + 2 at 1.28 mm ang = 5.2 + 0.5 at 7 GHz (Tabl&3).

Table 5. magrays SED analysis.

Source f, (SFHIR)? TV TSM TEBC M* SFR SSFR lgust M qust

Kl [KI [10Mo] [Moyr] [10%°yr?] [10MLo] [10°Mc]

Foreg. 0801 3390% 22121 455%  2.820 12725 04313 04493 0.440%
0.79'033

Backg. 01990074 11245 288890 52435 13263 3049 302 42783 3.86082
0.18499%

Notes. The main value refers to the 50% percentile, while the emefier to the deviation to the ¥6and 84" percentiles.
@ The values in the first and second rows refer to the energtidraabsorbed by the ISM as estimated from stellar-domih(i;éFH) and dust-

dominated (%) photometry.
® The T'SM PDF for the background source does not reach a peak, so Vautlsot be considered reliable.
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Fig. 12. The background SED fit analysis results. Each panel showBIteof a given physical parameter (top left: energy fractibaorbed by

the ISM as estimated from stellar-dominated, OPT, or dostidated photometry, IR; top middle left: totafective V-band optical depth seen
by stars in birth clouds; top middle right: warm dust tempam@in birth clouds; top right: stellar mass; bottom lefarsformation rate; bottom

middle-left: specific star-formation rate; bottom middight: dust luminosity; bottom right: dust mass). The redeitegd triangles indicate the
16", 50", and 84" percentiles.

4.3. Radio-FIR correlation and SFRs tion from old stellar populations:

The direct comparison between of mm and cm imaging allows 157x 10°10 1+ 10/ Lvm

us to infer the radiation mechanisms responsible for botis-emSFR[M, yr] z{ 21X ” TIR ( + / T'R) (4)
sions. Specifically the ratio between the 8—1p60and 1.4- 5.52x 10 Lischz

GHz fluxes, thegrr parameter, has been frequently used to dis- o
tinguish star-forming from AGN dominated regions, with énea. Where Liachz = WHz™", [Ltir] = [Le-1000,m] = Lo. The
of 2.64+ 0.26 being characteristic of local star-forming galaxietrinsic IR and radio SFRs are estimated to be, respegtivel

with no signs of AGN activity (Bl 2008Y. In[Bell (2003), this 3-9'55 x 107 and 93'2% x 10° Mo yr~*, where the error takes
parameter is defined as into account a factor of 2 due to the expected scatter in the re

lations (Bell 2003). Within &, these estimates are in agreement
with that obtained from theaceuys analysis.
q — |Og TIR — |Og (ﬂ)
TR~ TE100 3,75 102W m-2 \wm-2Hz 1)

4.4. Molecular gas and ISM gas masses of the background

. . I
where TIR is the total 8—10Q0m IR flux in Wm2, andSy 4 galaxy

is the 1.4-GHz flux density in W Hz™1. We convert the ob- As previously mentioned, the available number of CO tréaorsst

served 7-GHz flux densities to rest-frame 1.4-GHz flux déssit is not enough to properly constrain the CO ladder, nor do we

assuming a power-law index of @8.2 (f « v~98) characteris- have a reliable CO (J:54) flux measurement. Hence, in order

tic of synchrotron radiation (e.g. lbar etlal. 2010; Thomsebal. to compute total molecular gas masses, one has to rely on cer-

2014). We consider the flierent magnifications of 18+0.7 and tain assumptions or empirical statistical relations adé in the

5.2 + 0.5, respectively, for the IR and radio spectral regimes. literature.

H1429-0028, we findarir = 1.9°}3, which is consistent with It is clear from the detection of CS (J:1®) that the ob-

the value found for normal galaxies withiirl served backgrount?CO emission is optically-thick. Neverthe-
Finally, we estimate IR and radio SFRs by assuming t#ess, assuming local thermodynamical equilibrium (LTE) an

IR and radio luminosity-to-SFR calibrations proposed_byl Beoptical thin transition, one can estimate a mass lower liki

(2003, see also Kennicutt 1998), which account for the dmmr assume the nomenclatuxé”g‘ Mk, . where

Leo@mo

14 [Yun et al. (2001) define the same parameter with referencaeo t 1
42.5-122.5um spectral range. By doing so, normal star-forming gala&thin 0.08 %e—To/Tk J(Tk) = I(Tog)
ies are expected to hage= 2.34 + 0.26 (Bell 2003). co ~ Z J(TW)
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[CO/H2] - Mo not representative of that in H1420028. We assume the Galac-
( 104 ) K kmstpc’ tic value provides an upper limit instead. Hence, assuntieg t
range ofX[C I] /X[H>] values, we expect the intrinsic molecular
with T, = Ey/ks ~ 55K, J(T) = To(€™T - 1), Tog = mass to be in the range8D_g9 < My,/10°[M ] < 4.08066,
(1+2)Tcms = 5.524 K (the temperature of the cosmic microwave  Finally, Scoville et al.[(2014) propose an empirical appioa
backgroundat = 1.027),9: = 3 (the degeneracy of level= 1), to estimate total ISM gas masblf;, + My,) based on submm
Z ~ 2Ty/T, (the partition function)T is assumed to be equal tocontinuum emission. The relation is calibrated with a sanapl
that estimated bymcee in the optically-thin case (383K, Ta-  local galaxies for which globaWl,;; and My, estimates as well
ble[@), [CO'H2] = 10~* (the CO abundance in typical moleculars submm observations exist. The reference wavelengttt is se
clouds or in a solar-metallicity environment, Bryant & Siley at rest-frame 850m, which traces the Rayleigh-Jeans tail of an
1996), and Helium mass is already considered. These assuBib. The relation is the following:
tions result inX{" ~ 0.44972%4% Due to the absence of a
CO(1—0) observation, we base our CO (3:0) line luminosity , (350 A
in that observed for CO (J:21) assuming a conversion factor oMism = 1.2x 10" D (ﬁ)
Leo2,1/0.92 (Carilli & Walter | 2013). This yields a molecular o0
mass lower limit of My, > 103511 x 10" 4~ M. Following where Misu] = Mo, [DL] = Mpc, [Sy,d = My, bovd =
Ivison et al. (2011), an upper limit may be estimated assgmiGHz (350 corresponds to the frequency in GHz at @50,
Xco = 5 (observed in giant molecular clouds, Solomon et &. is the FIR—-mm power-law index3(= 3.89 + 0.41 in our
1987;/Solomon & Barrett 1991), which yieldsgyl < 1.15+ case, Sectioi_3.6). Hence, adopting our 1.28-mm flux den-
0.08 x 10?24t M,. Hence, based on the CO (3:2) observa- sity estimate of B6 + 0.99 mJy and a magnification gf =
tions, we expect the intrinsic molecular mass to be in thgean10.8 + 0.7, the estimated intrinsic ISM gas massNksy =

(1 + Z)i(lJrﬁ) SVobs #71’

1.80_029 < My, /100 [M] < 4.08066, 4.6+ 1.7 x 10'°°M,, (with a conservative 25% uncertainty added
Recently, Narayanan etlel. (2012) proposed a simple relatio quadrature due to the expected scatter of the adopted rela
betweenXcdH and CO and metallicity measurements: tion, |Scoville et all 2014). This means a molecular-totgtes
mass ratio of B9.g15 < Mp2/Misy < 0.89°91% a gas-to-
Xeo = 10.7 x (Weo) 232 baryonic mass fraction of.P6"313, and a depletion time of
Z/0.65 ’ 7se = Migm/SFR = 11721 Myr. This timescale is in agreement

; Lo - ; ; with that expected for the SMG phaselQ0 Myr, Greve et al.
where ii]Wﬁfm'zlth:né“zrf"irs'otﬁteym’;'gﬁ‘gg gadg‘éegj'%’e o82004; Tacconi et al, 2006, 2008; Ivison etlal. 2011). However
lar metallicity. AssumingZ’ = 0.501:8,2% the relation yields despite the. evidence for a high-density ando%léjsty enviranhme
23 : 2 ) the detection of CS 189 and Mgyt = 3.86952 x 108 M),
Xco = 6.673. The errors are still consistent with the range Wgpich could makeH, formation easier (Krumhalz 2014, and
adopted previously. However, either assumption implie&@e  eferences therein), such a short timescale and the fetcstima
range ofMy,. . . . . . formation is more directly related to molecular gas and mot s
An alternative to using CO emission to estimbfg, iStouse ;o 10 total gas, or more specifically, neutral das (Elmeyre
the forbidden fine-structure transitions of neutral carfjan]). 2011, and references therein), may imply a much shorter star

The critical density of both [CI] and’CO aren ~ 10°cm>. )\ phase, in the range 46 < My, /SFR < 1042° Myr, and a
Also, [C1] traces only molecular gas, as a result of being insef; 2

"~ : i nger depletion time.
sitive to the presence of atomic or ionised gas. Howeveg her
too, one must assume an optically thinff@ne in LTE in order

to estimate [G] masses as 4.5. Comparing dynamical and SED masses
1 In Section$ 4,113, 4.2 afd 4.4, we show that the expected back
—4 3.6/Tex| 7 ) & .
Mci = 5.706x 10 Q(Tex)§92 ! LCI(3P1—>3P0) ground dynamical and baryonic masses are, respectiv8ly, 5

1.7x 10"M,, and 17883 x 10'°Mo. If, for the latter, one con-
where Mci] = Mo, [L 5p, _sp,] = Kkm s pc® andQ(Te) =  siders a 2@: 10% contribution from dark matter (Gerhard et al.
1+ 3e T1/Te 4 5 T2/ Tex i the [Ci] partition function, withT, = 2001{Kassin et al. 2006; Daddi et al. 2010a)322§>_< 1010!\/|®,
236K andT, = 625K being the energies above the grounH"_'ere is a significant tension between the mass estimatametit
state for the [G3P; —3 Po)] and [Ci3P, —2 Py)] lines, re- wathe dynamical and SED data._Thg p0|ntdr_|V|ng this digere
spectively. The [GCP, —3 Py)] line, however, is redshifted to 2NCY is the fac_t that @he dyr_1am|cal information traced by the
ALMA band 8, which was not available during Cycle 0, prevenf=© (J:4-3) emission is dominated by the north-south compo-
ing an estimate oTe,. Hence, we again assume the value esfient, Wheregis the_SED information comes from the system as a
mated byewce n the optically-thin case (3873 5K. TableB). - o0ie, 8 o e of the sas west component

, _ 0,-1 —1 ; -

For I‘CI(3PH3P0)__.4‘15J_r 0.60x 10°%~ K km s pc?, vye esti- by assuming it is the dierence between the SED-derived total
mate a lower limit ofMc, > 5.237078 x 10 ™" M. Weil etal. mass and the north-south component dynamical mass. Such an
(2005) found, for a sample of three ~ 2.5 sources, a car- assumption implies a dynamical mass ofgt§S x 10'°M,, for
bon abundance oX[CI]/X[H2] = Mci/(6Mk,) ~ 5% 107, the east-west component. This means we may be witnessing a

which is roughly double that found in our Galaxy.2x 107, 1:2.8'18 intermediate-to-major merger at 1.027.
Frerking et all 1969). We note that the reporiddd, masses in o
Weil et al.|(2005) were estimated based on CO emission assum-

ing Xg‘g‘ = 0.8, and the Carbon abundance in our Galaxy is likely, Conclusions

15 The nomenclature forXco we adopt here is that adopted inThis work focus on aHerschel 500uum-selected source, HAT-
Narayanan et all (2012) faico. LAS J142935.3002836 (H14290028), a candidate lensed
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galaxy. The lensing scenario is confirmed with the help oftmul ADS/JAO.ALMA#2011.0.00476.S. ALMA is a partnership of ESO (rep
Wave|ength, high-reso|ution |mag|ng (F 1) which reweal resenting its member states), NSF (USA) and NINS (Japaggthier with NRC

_ ; anada) and NSC and ASIAA (Taiwan), in cooperation with Bepublic
foreground edge on disk galaxy surrounded by an almost Coo Chile. The Joint ALMA Observatory is operated by ESO, AIRAO and

plete Ei_nStein ring. _ NAOJ. The National Radio Astronomy Observatory is a facitif the National
Optical and FIR spectroscopy allow to measure, respegfivedcience Foundation operated under cooperative agreemenAsbociated

a foreground redshift afsp = 0.218 and a background redshiftUniversities, Inc. ) )

of zp = 1.027 This publication is based on data acquired with the Atacamthfinder
p L . . . Experiment (APEX). APEX is a collaboration between the Manck-Institut
A semi-linear inversion (SLI) algorithm__(Warren & Dyey, Radioastronomie, the European Southern Observatodythe Onsala Space

2003] Dye et al. 2014), which does not assumeaymyori back- observatory.

ground morphology and allows multiple images to be sim@tanSupport for CARMA construction was derived from the Gordord &Betty

ously reconstructed using the same lens mass model, iseaﬂomoore Foundation, the Kenneth T. and Eileen L. Norris Fotioda the

to ch terise the | This is d ki f7-GH ames S. McDonnell Foundation, the Associates of the Gai#olnstitute
0 characterise the lens. This 1S done maxing use ot /-GRz CQH1echnology, the University of Chicago, the states of atia, llinois,

tinuum and velocity-integrated CO (3:8) flux maps. The total and Maryland, and the National Science Foundation. OngaA&RMA

and stellar masses within the Einstein raditgs£ 2.18"322kpc)  development and operations are supported by the Natioriehc Foundation

; ; _ 0.33 0 under a cooperative agreement, and by the CARMA partneetsities.
are estimated to be, respectively,#g) = 8.13"777 x 10°M, Based in part on observations obtained at the Gemini Olseyvéinclude

and 160722 x 10'°Mo,, yielding a stellar mass contribution toadditional acknowledgement here, see section 1.2], whiobperated by the
the deflecﬁon gect of 19714104 Association of Universities for Research in Astronomy, Jmmder a cooperative
. . =85 " agreement with the NSF on behalf of the Gemini partnerstip: National
The same algorithmiis utilised to reconstruct the souraelasience Foundation (United States), the National Rese@eeicil (Canada),
at different wavelengths. The background source is magnifiedNICYT (Chile), the Australian Research Council (Austgl Ministério da
by u ~ 8 — 10 (depending on wavelength) and is likely &iéncia, Tecnologia e Inovacéo (Brazil) and Ministerio der€ia, Tecnologia
merger event between two sources oriented respectivettzl-noﬁ'””‘"’f"c'on Productiva (Argentina).

- L he Herschel-ATLAS is a project withlerschel, an ESA space observatory
south (NS) and east-west (EW)’ with a projection angle be'twewith science instruments provided by European-led Praicimvestigator

the two of~ 80 deg. There is also evidence for a tida_| tail spaonsortia and with important participation from NASA. TheAfILAS website
ning tens of kpc, resembling the Antennge merger (Hig. 8).  is/http//www.h-atlas.org
The dynamical analysis, based on our Source_maﬁ@sed in part on observations carried out with the IRAM 30heS@pe. IRAM

. IS supported by INSKCNRS (France), MPG (Germany) and IGN (Spain).
CO (‘]'4_’3) cube, allows us to observe that one of the C0mp§6me of the data presented herein were obtained at the W.¢k. ®bservatory,

nents is rotation-dominated, even though morphologiadiy which is operated as a scientific partnership among the dgalif Institute of
turbed (Sed.4.113). The tension between dark plus baryoass Technology, the University of California and the Nationakrnautics and

(223fg:g><1010 M@) and the dynamical mass.&it 1.7%x100 M@) S_pace_ |Administtratfi(t)r:). \/th& ibsiréator)é \;\_/as made possibl¢héygenerous
estimated for the background source results from the dynalﬁ_l'anc'a Support of e Y. 1. feck Founcation.

. . - e authors wish to recognize and acknowledge the veryfigigni cultural
cal analysis being sensitive to the NS component alone,es e and reverence that the summit of Mauna Kea has alwayswithah the

EW component remains undetected in CO{33) and 1.28-mm indigenous Hawaiian community. We are most fortunate tehie opportunity
continuum maps. This tension was then used to estimate metlgy%nducft Obssggfgﬂmnﬁ frogﬁ this moqgtecl"nk-) the Alfred P. Slegandati
; 5 0 unding for -1ll has been provided by the Alfred P. ndation,
_namlcal mass of the E\_N component (5‘1@-0 x 10" MG’) and the Participating Institutions, the National Science FRiation, and the
infer a merger mass-ratio of 112_1@ (Sec[4.b). U.S. Department of Energy fiice of Science. The SDSS-lll web site is
. .63 httpy//www.sdss3.orf
;I'he SYS,tem ?S a Who',e has a stellar mass.BtZi@Al _>i SDSS-lll is managed by the Astrophysical Research Comsortfor the
10" Mo, it is actively forming stars (SFR of 39% Mo yr Participating Institutions of the SDSS-III Collaboratipreluding the University

and specific SFR of 3@% Gyr‘l, Sec[ZP), and has a signif-Of Arizona, the Brazilian Participation Group, Brookhaxational Laboratory,
: University of Cambridge, Carnegie Mellon University, Uaigity of Florida,

. L o _
icant gas reservoir in its ISM (@+ 1.7 x 10.1 Me COMPrISING  the French Participation Group, the German Participatiaoou@s, Harvard
~25% of the baryonic mass, S&c.14.4). This implies a depletioniversity, the Instituto de Astrofisica de Canarias, thehitian Stat@otre
time due to star formation alone ofr = 11731 Myr, which is DameJINA Participation Group, Johns Hopkins University, Lance Berkeley

i ; asE) National Laboratory, Max Planck Institute for AstrophysicMax Planck
In agreemem with that expected for the SMG ph O Myr, Institute for Extraterrestrial Physics, New Mexico Stateivdrsity, New York
e.g. Tacconi et al. 2006).

‘ . University, Ohio State University, Pennsylvania Statevdrsity, University of
The comparison between SFRs computed vigiRillmetre  portsmouth, Princeton University, the Spanish Parti@paGroup, University
and radio estimators yields no strong evidence for actilecgja of Tokyo, University of Utah, Vanderbilt University, Uniigity of Virginia,
nucleus activity. University of Washington, and Yale University.
. . This work is based in part on observations made with the &pi&pace
Thanks to a plethora of multi-wavelength datasets, it Wagescope, which is operated by the Jet Propulsion Lahyra@alifornia
possible to have a first glimpse of the properties of HE4X®8. |nstitute of Technology under a contract with NASA.

A glimpse of time was what actually took ALMA — still in This publication makes use of data products from the Wide-figrared Survey
Cycle-0 — to provide the rich set of information at mm wave=xplorer, which is a joint project of the University of Calihia, Los Angeles,

- - . and the Jet Propulsion Laborat@®galifornia Institute of Technology, funded by
Iengths, showmg how ficient can be the teaming dier- the National Aeronautics and Space Administration.

schel-ATLAS with ALMA to find and study these rare, fortu-The authors thank the ALMA contact scientist Adam Leroy fbe thelp

itous events, enabling the unprecedented detailed assetsin throughout scheduling block preparation and quality @sste, and the help

galaxy mass assembly mechanisms with cosmic time. provided by Alexander J. Conley and Elisabete da Cunha mapdespectively,
theemcee andmaceays codes.
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