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LETTER

The rapid assembly of an elliptical galaxy of 400

billion solar masses at a

redshift of 2.3

Hai Ful, Asantha Coordy C. Feruglid, R.J. Ivisord, D.A. Riecher§, M. GurwelP, R.S. Bussmart A.l. Harris®, B. Altieri”,
H. Ausse?, A.J. Bake?, J. Bock®!l, M. Boylan-Kolchirt, C. Bridgé?, J.A. Calanog, C.M. Case}?, A. Cavd?, S.C. Chapmalf,
D.L. Clement$®, A. Conleyt®, P. CoX, D. Farral’, D. Frayet®, R. Hopwood?®, J. Jid, G. Magdis®, G. Marsde??, P. Martinez-
Navajag>??, M. Negrelld?®, R. Ner?, S.J. Olivef*, A. Omon#®, M.J. Pagé’, |. Pérez-Fournoit?2, B. Schul?’, D. Scott,
A. Smith?®, M. Vaccarf®, |. ValtchanoV, J.D. Vieira?, M. Viero'!, L. Wang®®, J.L. Wardlow, M. Zemcow°

Stellar archeolog{¥ shows that massive elliptical galaxies today telescopes from optical to radio to obtain higher resotutinages and

formed rapidly about ten billion years ago with star formation
rates above several hundreds solar masses per year (Myr—1).
Their progenitors are likely the sub-millimeter-bright galaxies
(SMGs}? at redshifts (z) greater than 2. While SMGs’ mean molec-
ular gas mas8 of 5x 1019 M, can explain the formation of typical
elliptical galaxies, it is inadequate to form elliptical¥ that already
have stellar masses above 210! M, at za~ 2. Here we report
multi-wavelength high-resolution observations of a rare nerger of
two massive SMGs at z=2.3. The system is currently forming
stars at a tremendous rate of 2,000 M, yr 1. With a star forma-
tion efficiency an order-of-magnitude greater than that of rormal
galaxies, it will quench the star formation by exhausting tle gas
reservoir in only ~ 200 million years. At a projected separation of
19 kiloparsecs, the two massive starbursts are about to meegand
form a passive elliptical galaxy with a stellar mass of~ 4 x 1011
M. Our observations show that gas-rich major galaxy mergers,
concurrent with intense star formation, can form the most massive
elliptical galaxies by z~ 1.5.

to better sample the spectral energy distribution (SEDg 3durce is
resolved into two similarly bright componentszat 2.308 separated by
3" (Figure[d; hereafter X01N and X01S for the northern and sauth
component, respectively), which are connected by a bridgeate-
rial reminiscent of tidal tails frequently seen in galaxyrgers. The
Carbon Monoxide (COJ = 10, J = 43, and Hx spectra all show
slightly different redshifts for these two components. Vamcity sep-
aration is 26@-70 km s'* and 330220 km s1 from the CQJ = 10
and Hx spectra, respectively. In addition, the @& 1—0 line widths
for the two components are significantly different (97050 kms1
vs. 660+ 100 kms 1), establishing clearly that they are two distinct
galaxies undergoing a merger. HXMMOL is close to two lowstefi
galaxies and is weakly gravitationally magnified. From @mns model
(see Supplementary Information), we determined that thgnifiea-
tion factors are B+0.5, 14+ 0.2, and 16+ 0.3 for XO1N, X01S, and
the entire system, respectively. Here we quote lensingected val-
ues, and the uncertainties in magnification have been pabpdgnto
their errors.

With a flux density of 2@: 4 mJy at 85Qum, HXMMO1 is among

HXMMO1 (1HERMES S250J022016-:960143) was identified the prightest SMGs known, which typically have a flux densftg mJy

as an unusually bright SM&Gn the Herschel Multi-tiered Extragalac-

at 850um of typical SMGs. The SED between 1f0n and 2.1 mm is

tic Survey (HerMES). We observed it with a variety of ground-baseg|ly consistent with a modified blackbody with a charactéid dust
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temperature of 55 3 K. The dust temperature is much hotter than
those of normal star-forming galaxies, and lies at the higiml of
starburst4 We determine a total infrared (IR:-8000um) luminosity

of Lig = (2.040.4) x 1013 L, for all components combined, where L

is the solar luminosity. This luminosity implies an instameous star
formation rat® (SFR) of 2000t 400 M., yr—! for a Chabrier initial
mass function.

We estimate the total molecular gas mass from theJGO1—0
line luminosity. The area-velocity-integrated CD= 1—0 bright-
ness temperature, which is also a luminosity measur@.9st+ 0.7) x
101! K km s7! pc?, implying a mass of2.3+0.6) x 10! M., of
molecular gas using our derived conversion factor (see ISomtary
Information). This is the highest intrinsic CO= 1—0 line luminosi-
ties among SMGs in the literature (Figlide 2). TdOle 1 liseskhown
SMG mergers that are well separated in to two galaxies. Wstibat
HXMMO1 is the brightest, most luminous, and most gas-richGGM
merger that is known.

We estimate stellar masses(8f+ 2) x 1019M,, and(1.340.3) x
10 M, for XO1N and X01S respectively, by modeling their UV-to-
millimeter SEDs using the public code MAGPHY.S HXMMO1 is
hence a merger of two massive galaxies in terms of both statld
gas content. The combined gas-to-baryon fraction of HXMN®1
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Figure 1 — Multi-wavelength view of HXMMO1 . Panel (a) shows thiderschel Space Observatory’s false three-color image combining 250
(blue), 350 (green) and 500 (redjm images with resolutions of 18, 25 and’3@espectively. HXMMOL is the brightest source in the image.
Panel (b) shows the highest resolution images of HXMMO1. Gdekground and black contours show the Keck-NIRGzband adaptive optics
image. Overlain are the dust continuum emission at@@8drom the Submillimeter Array (SMA; red contours) and thelecolar COJ = 1—0
emission from the Jansky Very Large Array (JVLA; blue comg)u The SMA and JVLA contours are drawn at +3, +4, +6, and 8 rms
noise ¢ = 0.67 mJy beam! for SMA, ando = 19uJy bean? for JVLA), and the Keck contours are at +5, +8, #1,Whereo is again the rms
noise (37 x 103 uJy pixel-1). The two major components of HXMMO1 (XO1N and X01S) and theefiround galaxies are labelled along with
their redshifts. Note that there is also a bridge of mateléaécted ap>50 level between X01N and X01S in the SMA and JVLA images. We
also label the southern part of X01S as a “clump” becauses afistinct optical spectral energy distribution compa@the rest of HXMMO1.
This clump could be a contaminating source, so we have eadlitdn our stellar mass estimate of X01S. The ellipses alatlver left show the
beam full width half maximum (0.84x0.44" for the SMA and 0.83x0.77' for the JVLA).
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Figure 2 — The infrared luminosity and stellar masses of sub-millimeer galaxies. In both panels HXMMOL1 is plotted as the large filled
red star. Its two main components, X01N and X01S, are plategdrately as the small filled red stars. The panel (a) potarhinosity vs.
COJ = 10 luminosity with blue squares showing SMGs with direct €& 10 measurements24. The blue circles are SMGs with higher
J CO line luminosities that have been converted to £©1—0 luminosities using the mean observed r&iigsssumingaco = 1, the dashed
lines indicate constant consumption timescales of theeegéis reservoirgas= 2 Mgad SFR) of 200 Myr and 2 Gyr, which are the mean values
for SMGS and massiveNistar > 101 M) normal star-forming galaxies on the main sequéhaez ~ 2, respectively. The panel (b) plots SFR
vs. stellar mass with blue data points showing SMGs-~a® using data from the literati#e!'24-25 The star-forming main sequeéatz =2 is
indicated by a solid line. Dashed lines show constant sge8RRs (SSFR= SFRMsta). We find a SSFR for HXMMO1 of $+2.3 Gyr L. At
z~ 2 this places HXMMO1 five times higher than the main sequefc®onal star-forming galaxi% All error bars are format-10 standard
deviations, including those associated with the lensingnifeation. The two panels demonstrate that HXMMO1 has dribelargest gas and
stellar content when compared to the SMG populatian~a®, and it is clearly in a starburst phase.



Object z S50 Sep Mn2 SFR
(mdy) (kpe) (16°Me) (Moyr ™)

SMM J02399-0136 2.8 9 8 8.0 990

SMM J0943%-4700 3.4 105 30 6.6 1160
SMM J105141 1.2 8.7 5 6.6 960

SMM J123707/HDF 242 2.5 4.7 22 7.4 520
SMM J123711/HDF 254 2.0 4.2 8 0.8 650
SMM 163650/N2 850.4 2.4 8 4 9.6 880
4C 60.07 3.8 11 25 6.4 1200
HXMMO1 23 204 1944 23t6 20006400

Table 1 — Resolved sub-millimeter galaxy mergers with projected segrations less than 30 kpc The molecular gas massed{») are
estimated with the conversion factor from CIO= 1—0 luminosity to molecular gas massco. This factor is estimated to be about four
for normal star-forming galaxies like the Milky W&and about one for local starbuf8ts Two independent methods outlined in the Sup-
plementary Information, using either the gas-to-dust mrasi® or the velocity-integrated CO = 1—0 brightness temperat#e lead to
aco ~ 0.8 Mu/(K km s~1 pc2) for HXMMO1, consistent with thexco measurements for several other SM&s Using this conversion
factor, we find that HXMMO1 containg2.34 0.6) x 10t M, of molecular gas. We use the samgo = 0.8 for other SMGs and have used
COJ = 10 measurements wherever available. SFRs are estimategi thsi850um flux density (SFR/M yr—1 = 110 S5¢/mJy) and are
uncertain by<50%. For HXMMOL1, this relation gives a SFR consistent witattfiom the total IR luminosity. Similar to HXMMO1 values for
SMM J02399-0136 have been corrected for lensing magnification.

(52+5)%, far above the mean gas-to-baryon fraction of star-fogmiand passively evolving by~ 1.7 (i.e., 1 Gyr afterwards) because the
galaxies with stellar masses abové M., atz ~ 2 (Figure[3). Mas- star formation ceased so rapifly While gas-poor (“dry”) mergir
sive galaxies with such a high gas fraction are not repratlice€os- between less massive ellipticals are generally invokedxpdaen the
mological simulatior¥. HXMMO01 may represent a system that hasubsequent stellar mass buildup after the SMG phase, thafian of
accumulated a disproportionate amount of gas because ghartéc- a very massive galaxy directly through a gas-rich mergewstibat dry
cretion rate compared to the SFR in the past. Assuming a@arSER mergers are not the only channel to form the most massivatiedis.
with the observed value and no additional gas accretion, NXWwill They can form byin situ starbursts involved in massive SMG mergers
reach a gas fraction @¥20% in just~70 Myr, such that its stellar masssimilar to HXMMOL1.

and gas fraction will be consistent with the simulated galsx Starburst mergers similar to HXMMO1 are extremely rare beea

Because the components of HXMMO1 are resolved in our SMAey are short-lived and unusually massive. In additiory ansmall
and JVLA observations, we use them to directly measure tlys-phfraction of mergers are expected to be observed as two depara
ical extent of the dust and gas emission. We find that thensitri galaxied”. Therefore, although we estimate that only one SMNEBIG
sizes of the dusty star forming regiomgo=5— 7 kp&) are 3— 7x  Merger as bright and luminous as HXMMO1 to be present in every
smaller than the molecular gas reservoiksd = 15— 50 kp&). This ~100 ded, their importance to galaxy evolution must be evaluated
is in direct conflict with the commonly used assumption thet gas after correcting for their limited visibility due to the wédseparation
and dust in SMGs have the same physical extent. This dism:ypaand the short lifetime. We can estimate the space densityaskive
has also been observed in several other SHIG#/hen the sizes are mergers like HXMMO1 based on its CO luminosity, assume allG&M
used to measure to gas and star formation surface densitiefind With such high CO luminosities are also mergers. But becduse
HXMMOL1 lies along the sequence of local and high-redshifttsirsts space density of galaxies as a function of CO luminositidarigely
in the Kennicutt-Schmidt relati8n(see Supplementary Information)Unknown, we resort to the observed space density of SMGs as a
We also estimate the star formation efficieneys, the percentage of function of the SFR, given that SFR is proportional to gas mass.
gas that is converted into stars in a dynamical timescalefiztighat The space density of SMGs with SFR greater than 2000 yi-*
the two merging SMGs are remarkably efficient in forming staith 1S (244 12) x 10 Mpc® at 2< z < 3. Give the time span
values ofesg = (10 3)% and (41+ 10)% for XO1IN and X01S, re- covered by the redshift range is 1.2 Gyr and the lifetime of\i401
spectively. Similar to other starbufSisthese efficiencies are aboutS ~ 200 Myr, the space density of HXMMO1-like galaxies is
an order-of-magnitude higher than the typical value of rejrstar- (1.4 0.7) x 107> Mpc~2 after correcting for the 17% duty cycle.
forming galaxies £sg ~ 2%). These efficiencies reach the theorePespite the large uncertainty, this is comparable to theespiensity
ical maximum of 30% that has been estimated for moleculauctlo Of passive elliptical galaxid8with stellar masses abovex210M* M,
dominated starbur&s; at z~ 1.1. Therefore, although SMGs as luminous as HXMMO01
are rare, they could represent a short but critical traosdi phase
in the early formation of the most massive elliptical gaémsxi This
conclusion will soon be tested with wide-area sub-millienesur-
veys that will uncover more SMGSMG mergers similar to HXMMO1.

HXMMO1 illustrates the rapid formation of an extremely mass
elliptical galaxy in an equal mass gas-rich merger. The igh for-
mation efficiency coupled with the short dynamical timescabuld
quickly turn this pair of starburst galaxies into a passillgtical
galaxy, as its SFR will decline with asfolding time of 230+ 40 Myr
(Tgas= 2Mgas/SFR) even without any feedback pro&éssecting gas
out of the galaxy. We have assumed no additional gas infak.factor
of two in our gas exhausting timescalg4y accounts for the 50% gas
recycling in stellar evolution. The descendent of HXMMO®ipected 1 iccarthy, P. J. et al. Evolved Galaxies at z>1.5 from the Gemini Deep
to have a stellar mass ef 4 x 1011 M, comparable to the most mas-  Deep Survey: The Formation Epoch of Massive Stellar Systems. Astro-
sive elliptical galaxié%atZN 2. lts stellar population will appear old phys. J. 614, L9-L12 (2004).
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Figure 3 — The gas mass and dynamical state of sub-millimeter

galaxies. The panel (a) shows the gas-to-baryon fraction vs. stelfdr
mass for star-forming galaxies. HXMMO1 is plotted as thgddiilled 5,

red star, while its two main components, X01N and X01S, agetlo
small filled red stars. Because a significant fraction of £ 10

emission is detected outside of the two main components}otiad: 23.

gas fraction is higher than those of X01N and X01S. In pangl (a

the other data points are for SMGs (blue circles) and majjuesece 4.

star-forming galaxies (green squares). Both samples hsed gas
masses estimated from a model-calibrated relation betweenand

CO brightness temperat#’e The same relation is used to estimat&”>
aco for HXMMO1. The yellow stripe showg ~ 2 star-forming galax- g

ies from cosmological hydrodynamic simulati#hs The solid curve

with an arrow shows the expected evolution of HXMMO1 in thetne 27-

70 Myr assuming the observed rate of star formation and theeroa-
tion of mass. The dashed curves indicate constant gas mafss@¥

and 131 M.,. The panel (b) shows the virial dynamical mass vs. stellas.

mass for SMGs at ~ 2 with bigger and smaller blue circles showing
SMGs from two other studi@3% The yellow stripe shows the stellar-
mass-halo-mass relation at= 2.3 from abundance match#} All
error bars are format-10 standard deviation, including those asso-
ciated with the lensing magnifications. HXMMOL1 is extremghs-
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SUPPLEMENTARY INFORMATION

Here we give details of the multi-wavelength observatidhdl)(

with tjn = 54 min. Atmospheric opacity and phase noise for all obser-
vations was very low1o5 gHz= 0.07, ¢ ~ 20 deg). All observations
used an intermediate frequency (IF) coverage of 48 GHz teigeoa

the photometry deblending proceduré®)j, the weak lensing modeltotal of 8 GHz bandwidth (considering both sidebands). Thasars
(§[@), and the estimation of the physical propertiggl and the space 0217+017 and 0238+116 were used for time-variable gain ljardp

density of HXMMO1 §[5).

and phase) calibration. 3C 454.3 served as the primary basdali-

Throughout we adopt a Chabf#&mnitial mass function (IMF), and brator. We used a combination of Uranus and Callisto as thelate

the concordancACDM cosmolog@with Qn=0.27,Q5 =0.73, and
Ho =70 km s Mpc—1.

1 Observations and Data Reduction

HXMMO1 was initially identified as a strong lensing candi&n
SPIRES observations from thelerschel Space Observaté®as part

of the HerME$ survéy of the XMM-LSS field. The source has an
unusually high 50@m flux density G599 = 132 mJy), which suggests

gravitational lensing of a fainter background gaf&xy

Along with other lensing candida®sve observed HXMMO1 with
the Submillimeter Arra3? to refine its position and to examine if its

morphology is consistent with gravitational lensing. THerschel
source was resolved into two similarly bright SMA sourcesasated

by only ~3" and close to two low-redshift galaxies, making it a hig

priority target for further followup observations.
Guided by the far-IR photometric redshift, the spectroscopd-

flux calibrators.

We used the MIR software package in Interactive Data Lan-
guage (IDL) to calibrate the visibility data. For imagingewsed
the Multichannel Image Reconstruction, Image Analysisl Bisplay
(MIRIAD) software package with natural weighting for maxim sen-
sitivity. The final CLEANed image has a synthesized beam \with
FWHM resolution of 0.52x0.43’ at a position angle (PA) of 5%ast
of north and an root-mean-square noise level of 0.67 mJy béafhe
primary beam of the SMA is 35FWHM at 342 GHz.

The final SMA map resolved HXMMO1 into two major compo-
nents separated by 2/9%25 kpc) along with filamentary structures
connecting the two (Figuilel 1). The northern component (X0has
a flux density of B+ 0.7 mJy, while the southern component (X01S)
has a flux density of 8+ 0.7mJy. The filaments have a total flux
density of 944 1.0 mJy, accounting for35% of the entire system
(27.0+£1.4 mJy).

1.3 Near-IR Imaging We obtained 4880 s Kg-band images on

shift of HXMMOl. was fir_st determineq from a blind search fc?5012 February 4 (UT) with the Keck Il laser guide-star adagptptics
CO J = 3—2 emission with the Combined Array for Research IBysteri! (PI: Cooray). We used the NIRC2 camera at 0.pikel 1

Millimeter-wave Astronomy (CARMA). Subsequently, the sbdft

scale (40 field), and we dithered with 23" steps in a nine-point

was confirmed at IRAM/Plateau de Bure Interferometer (Pdfth dithering pattern. The atmospheric seeing ati06was~0.8". An

a measurement of CO=4—3 emission. We also obtained single-dis
and interferometric CQ = 1—0 data with the National Radio Astron-

omy Observatoly’s Robert C. Byrd Green Bank Telescope (GBif)
Karl G. Jansky Very Large Array (JVLE). Finally, with Keck, we
obtained a near-IR spectrum covering the Emission of HXMMO01
and optical spectra of the nearby foreground galaxies &raene their
redshifts. The KecKs-band adaptive optics image and th8T/WFC3
F110W image further revealed the clumpy rest-frame optieaiphol-
ogy of both SMA sources. In the following, we describe theeoba-
tions and data reduction procedures in more details.

= 17.6 magnitude star 67SW of HXMMO1 served as the tip-tilt
reference star. The estimated Strehl ratio at the sourcitéigross
~14% under normal conditions. Because of the large separatm
the tip-tilt star, we had to rotate the camera to PA = 12h2d offset
HXMMO1 to the upper right quadrant of the detector to keeptithilt
star within the range available to the field steering mirrors
The images were reduced following the standard proce®urBs-
fore individual frames were finally combined, the cameraadton
was corrected using the on-sky distortion solution fromeobeations
of the globular cluster M 92. Five frames were rejected bseanf

1.1 Herschel Far-IR Imaging The originalHerschel SPIRE imag- 46y AQ corrections, so the final image combined88-s frames. It
ing data for this source, as part of the HerMES XMM-LSS fielf s 5 FwHM resolution of 0.8 as measured from the stellar source

observatior® are now publicly available from thilerschel Science

Archive. The observational identifications (Obs Ids) ofsbalatasets

are 1342189003 and 1342190312. As the parallel-mode Péteicidr
Array Camera and Spectrometer (PAZSjata at 100 and 16Am is
shallow, we then obtained deeper scans of HXMMO1 with iraggn
times of 840 s at these wavelengths using part of the rentaBIRE
team’s guaranteed time (Obs Ids: 1342258806 and 1342258807

nally, a 70 um scan map of HXMMO1 with an integration time o
276 s was obtained as part of an OT2 open-time program (Obs

located 16 W of HXMMO1. The image was flux and astrometry cal-
ibrated against th&s-band image from the VISTA Hemisphere Sur-
vey (VHS). TheKgs-band image is shown in Figure 1. To highlight
HXMMO1, we added contours to the Keck image after subtrgdtie
foreground galaxies.

HXMMO1 was observed as part of ottubble Space Telescope
(HST) Cycle 19 SNAP Program (ID: 12488, PI: Negrello). Four im-

flgiges of 63 s were taken in the F110W filter by the Wide Field Game

MFC3) on 2012 September 4 (UT). We applied a four-poirftedtit

1342261958 .and 1342261957). The SPIRE data are rcladuc.em.anqn% pattern with a parallelogram primary pattern shape, iatpspac-
alyzed following the standard proced#2swWe used the high fidelity ing of 0.572, and a line spacing of 0.365 After passing the images

maps produced using an internal map-making paéagehe PACS
data are reduced with HIPE.

through the standard WFC3 pipeline, we used the Image Reduatd
Analysis Facility (IRAF) MuLTIDRIZZLE package on the four frames

1.2 Submillimeter Imaging We obtained high-resolution interfero-tor gistortion correction, image registration, cosmig-rajection, and
metric imaging of HXMMO1 at 876.5m (342.02 GHz) with the SMA jmage combination. A square interpolation kernel was usehé driz-

(PIs: Gurwell, Bussmann). HXMMO1 was observed in the subcoing process and the final reduced image has a pixel scal@@f and

pact array configuration on 2010 Aug 14 with an on-sourcegiatéon

a FWHM resolution of 0.24.

time (nt) of 58 min, iln the extended configuratipn on.2010 Sep 26 with Finally, we obtained seeing-limited and Kg-band images of
tint = 141 min, and in the very extended configuration on 2011 Jan&nmo1 with the Long-slit Intermediate Resolution Infrar&pec-

Herschel is an ESA space observatory with science instruments pedvig European-

led Principal Investigator consortia and with importanttigépation from NASA.
hermes.sussex.ac.uk

NRAO is operated by Associated Universities Inc., underapeoative agreement with

the National Science Foundation.

trograph (LIRIS), which is mounted on the Cassegrain foduthe
4.2-m William Herschel Telescope (WHT) (PI: Perez-Fournon). The
observations took place on 2011 January 15 (UT). We took280s

http://iwww?2.keck.hawaii.edu/inst/nirc2/forReDoc/pabserving/dewarp/



exposures ifKs-band and 13540-s exposures id-band. The images
were reduced with the IRAF LIRIS data reduction packagasmi.

The FWHM resolutions are 0/%nd 0.8 for the finalJ andKs-band
images. The astrometry was calibrated against 2MASS. Tlagés
were flux calibrated against the public VHSandKgs-band images of

the same region. The WHT images are much deeper than the VHS
images. The two components of HXMMO1 are easily separatéukein
WHT images and are detected at%o.

Besides the morphology information from the high-resoluiti
Keck andHST images, all of these images were used to obtain pho-
tometry for both the foreground galaxies and HXMMO1 so thatoan
study their spectral energy distributions (SEDs). Wherelatected,
the two components of HXMMO1 show consistent configurations
different images. However, we do not detect the submilleneind
COJ = 10 filaments between the two main components in these im-
ages. X01S appears much bluer in F110K§ than X01N, which is
a result of the “clump” that we identified at the southern ehX@1S
(Figure[d). The clump is also detected in the archival Caifadace-
Hawaii telescope optical images, and its SED is consistéhteither a
less obscured galaxy at= 2.3 or a physically unrelated contaminating
source.

1.4 Millimeter Photometry Millimeter continuum is useful to con-

strain Rayleigh-Jeans tail of the thermal dust emission. o&erved Figure S1— Keck/NIRSPEC near-IR and JVLA centimeter spectra

HXMMO1 at 1.2mm with the Max-Planck Millimetre Bolometer 2q¢ 11xMMO1 . The velocities were computed against the systemic red-
(MAMBO2%) at the IRAM 30 m telescope on 2011 January 19 and 2R atz— 2.308. On the top, we use the 2D spectra to show the veloc-

as part of the pool observations, achievingiasknsitivity of_~0.9 MJY ity offset between the two components of HXMMOL1. The veiteods
(PI: Perez-Fournon). HXMMO1 was clearly detected with a fi@n- s 50ng the spatial direction and NNE is up (slit PA = 24a8d 22 for
sity of 1124+ 0.9mJy. We note that some MAMBO2 observationge Hy and COJ = 10 spectra, respectively). The CO= 10 2D
taken around the same time could have been affected by & ‘sighal spectrum is extracted from the JVLA data cube using 4 ps2udo-
of ~5mJy, but it is unlikely that the HXMMO1 observations were ingjit centered on the two main components. The middle anaioleft
fluenced, because (1) we obtained consistent measurememiswo ,ane|s show the B spectra of XO1N and X01S, along with the best-fit

scans that were carried out three days apart and (2) the 1.2URM G4yssians (red curves). Regions affected by strong skydireplotted
density is consistent with the best-fit modified blackbodyrfithe pho- light grey. A scaled sky spectrum is shown in blue. The déster-
tometry at other far-IR/millimeter wavelengths ($g€.2). We also de- tic4| |ines indicate the center of the best-fit Gaussian. figfe panels

tected the continuum of HXMMOL1 at 2.1 mm with a flux density ofpow the CQJ = 150 spectra along with the best-fit Gaussians (red
1.24+0.2 mJy as part of the CQO = 4—3 observations with the PdBI curves).

(see§[1.8).
1.5 Archival X-ray-to-Radio Imaging HXMMO1 was observed on
2006 July 4, 2006 July 22, 2008 July 30, and 2009 Jan Xldy-
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= servations were carried out under good to excellent 3 mmheeabn-
Newton as part of the Large Scale Structure Sufeywo poINtings  gitions during 4 tracks between September 07 and 10 in 2018ein
(XMM-LSS.42 and 45) in AOS covered HXMMO1. We combinedh grray configuration (6127 m baselines), yielding an amse (to-
the MOS observations that contains HXMMO1 and obtained eksth tal) observing time of 7.8 hr (13.3hr). Each of the trackgeted a

image with a total integration time of 85 ks. It is .un.fortumahat different frequency setting, using the 3 mm receivers aed¥ARMA
HXMMO1 happened to lie on the edges of both pointings wheee thyectral line correlator with an effective bandwidth of GHz per side-

sensitivity is Iow._ No source i_s detected at the position m-I_\/I_Ol: band (IF range: 1.2-4.9 GHz) at 5.208 MHz (15.6 krh at 100 GHz)
In §[£.9, we provide upper limits on the X-ray fluxes and lumiriesit gpectral resolution, yielding a contiguous frequency cage of 85—
To build the panchromatic SEDs of HXMMO1 and the fore11o GHz to search for redshifted CO line emission. The neqdagar
ground galaxies, we obtained imaging data from the GalaxyEv 30239025 was observed every 15minutes for complex gailoraal
tion Exploref® (GALEX, Fp\/, NUV), the C.anada-Fran.ce-Hawau Telegion, Pointing was performed at least every 2—4 hr on neatidng sind
scope Legacy Survey W'l&(_CFHTL_S'W'de'U*v g,r’.i, andZ), the radio quasars, using both optical and radio modes. The basdhape
VHS (J, H, andKs), the Spitzer Wide-area Infrared Extragalacticyas derived from observations of the bright quasar 3C 84.okibes
S_urve@ (SWIRE; 3.6, 4.5, 5.6, 8.0, 24, 70, and 1), the Wide- f,xe5 were bootstrapped relative to Uranus. The resultmigration
field Infrared Survey Explorer all-sky sur#8y(WSE; 3.4, 4.6, 12 and is estimated to be accurate withirl5%.
22 um), and the FIRST surv&y (21 cm), in addition to ouHST
(F110W), WHT ¢, andKg), Keck/NIRC2 Ks), Herschel PACS and
SPIRE (70 to 50Qum), SMA (880 um), MAMBO2 (1.2 mm), and
IRAM/PdBI images (2 mm). Ir§[2, we describe how we obtained th
deblended photometry for HXMMO1 and the foreground gakxie
1.6 Redshift from CO J = 3—+2 We used CARMA to search for
CO J = 32 emission towards HXMMO1 in the 3mm b&AdP!:
Riechers). The search was guided by the photometric redstf7 +
0.5 (Dave Clements) obtained from fitting the 250-1100 SED. Ob-

We used the MIRIAD package for data reduction and analydis. T
combined data were imaged using "natural” baseline waightiesult-
ing in a synthesized clean beam size of’%8.2" (PA 149) and a
%ms noise level of 0.75 mJy bearhper 405.4 MHz (1162 k') fre-
quency bin.

A systematic inspection of the data cube both in the uv and im-
age planes yields a single, broad emission feature clodeetphase
center at the position of the SMA continuum emission. Werprt
this feature as the CO= 3—2 line emission {es=345.7959899 GHz,
http://www.iac.es/galeria/jap/lirisdr/LIRLDATA _REDUCTION.html redshifted tovgps = 10456+ 0.03 GHz) towards HXMMO1, yielding
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Figure S3— Comparison of CO line profiles The PdBI CQJ = 4—3
Figure S2— JVLA and PdBI CO spectra of HXMMO1 . The veloc- and CARMA COJ = 3—2 lines have been scaled by /v; in fre-
ities were computed against the systemic redshift-at2.308. The quency andvi_o/v;)? in flux density. The top axis shows the velocity
COJ = 1-0 2D spectrum at the top is extracted from the JVLA datelative to the systemic redshift of= 2.308. The JVLA, CARMA, and
cube using a 1/2pseudo-slit at PA = 22 while the COJ = 4—3 spec- PdBI spectra are extracted usirlg 62’, and 1%-diameter apertures.
trum at the bottom is extracted from the PdBI data cube usigta
pseudo-slit at the same PA. Both panels clearly show therdiiit ve-
locity structures of the two components, strengtheningfitieings in  (PI: Ivison). Observations were carried out dynamicallyiny good
Fig.[S3. weather conditions in 2012 January (DnC configuration), da(C

configuration), and June (B configuration). The bright coctali-

bration source, J02410815, was observed every few minutes to deter-
a redshift ofz= 2.3073+ 0.0010. We subsequently confirmed thisnine accurate complex gain solutions and bandpass camect3C 48
redshift by detecting CAQ = 1—0 line emission with the GBT andwas also observed to set the absolute flux scale, and thenupant-
JVLA (see next subsection) and CID= 4—3 line emission with the curacy was checked locally every hour. At the redshift of HWOL,
IRAM/PdBI at the same redshift (s§&L.8). the receivers gave 1,024 MHz coverage with 542 MHz channels.
1.7 CO J = 1-0 SpectroscopyWe obtained single-dish The data were reduced using AlBSBecause the AIPS/SETJY task
CO J = 10 data at the 100m diameter GBT for 4.85hr oadopts a higher flux for 3C 485(= 0.83 Jy at 34.8 GHz; i.e., 12%
2010 November 21 and 2.10hr on 2011 January 14 (Program Hpher than that assumed for the GBT/Zpectrometer datasoatked
GBT09C-70; PI: Harris). We used the Zpectrometer crosgetation the GBT flux densities by the ratio of the two adopted 3C 48 flem-d
spectromet&? attached to the facility Ka-band correlation receivesities (0.83 Jy/0.74 Jy) for a fair comparison. In the end, ¢han-
With instantaneous frequency coverage from 26.5 to 37.7,Ghz hels were imaged over a 5%512x 0.1” field, with natural weighting
spectrometer covers redshifts12< z < 3.5 for the 115.27 GHz (ROBUST= 5), to form a 512 cube centered on HXMMOL. Integrat-
CO J = 10 transition. Over the spectrometer’s band the FWHing over the 80 channels«(1,400 kms?) that contain line emission
beam size ranged from #7to 16/, and the correlator's 20 MHz yielded an r.m.s. noise level of 2By bean.
bandwidth corresponded to a spectral resolution of 234 Tckibs . The cLEANed and velocity-integrated CO= 1—0 map is shown
Cross-correlation produces spectra that are the differémgpower in Figure[d as blue contours. The beam is §:88.77" at PA = 72.
between the receiver’'s two beams on the sky, which are segabg Similarly to the SMA data, HXMMO1 was resolved into two maone-
78’. The correlation receiver architecture, electrical prasitching, ponents separated by2.8”. The northern component shows an exten-
and optically switching the source between the receiveuts;ywith sion of low-surface-brightness filament towards the sautlvempo-
sub-reflector motion on a 10 sec cycle greatly reduces eldictand nent. This filament has a line flux 80AV = 0.204+0.04 Jykms1,
atmospheric fluctuations. We switched the telescope betviwe which is 2.5 times lower than that of the northern componente
targets close on the sky on an 8 min cycle to compensate fizabptextracted the CO spectra with 1.2nd 2.0-diameter apertures cen-
imbalance between the two beams. We established the abg$hlut tered on the northern and southern components, respgcBasted on
scale with hourly pointing on quasar 0108+0135; spectrhisfdource the best-fit Gaussian models of the velocity-integrated,mapthen
before and after pointing also provided average correstionpointing applied aperture corrections of k7and 1.3« to the spectra of the
drift and atmospheric transmission. The flux density of G185 northern and southern components, respectively. The twd €00
was 1.8Jy during the observations, calibrated against 3Gv#i8se components have significantly different redshifts and firagiles (Fig-
flux density is 0.74Jy at 34.8 GHz, following the Astrononticaure[S1 and TablE“$1), indicating that they are two galaxias dhe
Almanac (2011). The CQ = 10 line from HXMMOL is clearly merging, instead of lensed images from a single source. rébigt is
detected at 385+ 0.01 GHz, corresponding to= 2.30744 0.0008. confirmed by the Keck H spectra §[1.9; see Figure_$1) and the PdBI
The FWHM beam size of the GBT is 22t this frequency. COJ =43 data cube{[1.g; see Figure $2).

We also obtained high-resolution CJG= 1—0 data with the JVLA The JVLA spectrum integrated over §-f8iameter aperture gives



a line width of AVeywum = 840+ 160kms?® and a line flux of blazed at 850@ tilted to a central wavelength of 777 The 560 nm
ScoAV = 1.7+£0.3Jykms ! atz=2.3079+ 0.0007. In comparison, dichroic was used. The wavelength coverages are 38600 A and
the COJ = 1—0 measurements from the GBT at®/rywnm = 1670+ 5400-10200A, and the spectral resolutions are 6 and&(FWH M)
140kms ! andScoAV = 2.3+ 0.3Jykms® atz= 2.30744+ 0.0008. for the blue and red, respectively. The spectra were takan airmass
As shown in Figurd_33, the discrepancy between JVLA and GBT~1.75, and the atmospheric seeing wa8’ at 0.5um.

COJ = 10 line intensity is insignificant (6+ 0.4 Jykms 1), and it The data were reduced and extracted with IRAF. From the
mostly occurs in the wings, where the S/N is low. While somefilam [0 11171 AA4959,5007 lines of G1, andddand [N11]A A 6548,6583 lines
the extended wings could have been resolved out in the leigblution of G2, we determined their redshifts af; = 0.6546+ 0.0001 and
JVLA data, we primarily adopt the JVLA measurements wheiviley  zg, = 0.50204- 0.0001, respectively.

the properties of HXMMOL1 to be conservative about its gassmas

1.8 COJ=4-3 Spectroscopy and 2 mm continuumWe observed » Deblending the Photometry

HXMMO1 with the PdBI tuned at 139.414 GHz, as part of the mil- Because of the proximity of HXMMOL to the foreground galax-

limeter follow-up of the HerMES gravitational lens candigg (PI:
Cox). The Widex correlator bandwidth (3.6 GHz) allows canvgrthe

COJ = 4—3 emission line and the underlying 2 mm continuum. TI}?

observations were carried out in September 2010 in the ccinfipar-
ray configuration with 4 antennae, with a total on-sourcegrdtion
of 3.7 hours. System temperatures during the observatiens iw the

range 706-140 K, and precipitable water vapor around 2 mm. Da{

analysis was carried out with GILDAS. Maps were obtainedgisiat-
ural weighting, resulting in a synthesized beam of'&8.1" and PA =
140 deg. The noise level is 0.8 mJy bednin 20 MHz channels.

We detected a bright CQ = 43 line peaking at a redshift
z = 2.3081+ 0.0002, consistent with the redshift obtained from th
CARMA, the JVLA, and the GBT observations. The line is dededct
at a high significance (3f Figure[S3). The spatially resolved veloc

ity structure is consistent with that observed in the JVLAadeube
(Figure[S2), further confirming that HXMMOL1 is a merger.

ies on the sky, we need to deblend the various sources in sbthe o
images to obtain robust photometry. Betweenukéand and IRAC

0 um, we model the various components in individual images with
GALFIT®, We use high-S/N PSF stars near HXMMO1 that are unsat-
urated and relatively isolated. For images betweenutiband and
the Ks-band, we use a star A1Gouth-southwest of HXMMO1. For
fle IRAC images, we use a star ‘7ribrth of HXMMO01. We model
the foreground galaxies as Sérsic profiles. The foregrayataxy G2
shows more complex structures (e.g., the tail to the SW) Ghanso

we include multiple Sérsic profiles with their relative fimns fixed

to those determined from the high-resolutidST image. Instead of
lehasking out HXMMO1, we include multiple Gaussians to approx
mate its clumpy morphology and fit them simultaneously witnfore-

ground galaxies. We obtain reasonably good fit with{dof ~ 1.0 for

all of the images except for tH¢ST-F110W image ¢2/dof ~ 1.4). Al-
though theHST image is the most challenging to model because of the

In addition to the CQ = 43 line, we also detected the Contlnuun?jetailed structures of the foreground galaxies, the phetoms very

at 2.1 mm with a flux density of.2+ 0.2 mJy.

robust because the components do not overlap as much asthg-se

1.9 K-band Ha Spectroscopy We obtained &-band spectrum of limited images and IRAC images

HXMMO1 on 2010 November 21 (UT) with the Near Infrared Spec-
W

trometer (NIRSPEE) on the Keckll telescope (Pl: Casey).
used the low-resolution mode with NIRSPEC-R') filter and a

cross-dispersion angle of 3549which gave a wavelength range o{
1.96-2.40um. The 0.76 (R ~ 1450) slit was oriented at a PA of
24.3 east of north to capture both components of HXMMO01. We to

eight frames of 600 s each (10 coadds of 60 s exposures),iaglope
standard “ABBA" dithering sequence with a step of’ I&ong the slit.

HIP 34499 Ks = 10.6 AB) was observed using the same setup for t

luric correction.

We used the REDSPEC IDL packhge to perform spectral and s

tial rectification on all of the frames. Most of the sky baakgnd and
fringing patterns were removed by subtracting the two noglgiosi-
tions, and the residual sky background was removed by syittie

rectified and median-combined-B 2D spectrum along the spatial
direction by 18 and subtract it from the unshifted 2D spectrum. On?ﬁe
dimensional spectra were extracted with”tvide apertures. We de
tected a broad H line as well as the continuum in both X01N an

X01S. We calibrated the flux of the spectra with tke-band pho-
tometry from the WHTKs-band image {[1.3). In total, the Hr lines
contribute to~12% (27 4+ 0.4 uJy) of theKg-band flux of HXMMO1.

Consistent with the results from the CO lines, thee $pectra also show

different redshifts and line profiles for XO1IN and X01S (F&d). Ta-
ble[S1 summarizes the measurements from the best-fit Gagssia

1.10 Optical Spectroscopy of Foreground GalaxiedVe obtained
optical spectra of the two foreground lensing galaxies (8d @2 in

Figure[1) on 2011 March 1 (UT) with the Low Resolution Imagin
Spectromet&? on the Keck | telescope (P!I: Bridge). We took two 540
exposures through a 1.5lit at PA = 275.2 (i.e., aligned with G1 and
G2). On the blue side, we used the 600 groove thigrism blazed at

4000A; while on the red side, we used the 400 groove Mrgrating

http:/iwww?2.keck.hawaii.edu/inst/nirspec/redspealht

The total fluxes of G1 and G2 are obtained from the best-fit fisode
e then subtract the models of G1 and G2 from the original &sdg
eveal emission from HXMMO1 (Figufe $4). Finally, we meastire
luxes from the residual images with two apertures placedratdhe
orthern and southern components. As shown in Figure S4pee

Wres are large enough to enclose all of the detectable fabarg small

enough to avoid including too much background noise. Itésicthat
>?pl$ is much brighter than X01N in the optical bands but the ane

%lmilarly bright in the near-IR, suggesting either lesstdisscuration

in X01S or that the southern clump of X01S is not part of theesys
B—é}gureﬂ). Since we cannot separate the two parts of X01Saew
lengths other than thelST/F160W and Keck{s-band, we decided to
include both in the photometry. FutuHST imaging and spectroscopy
are needed to reveal the nature of the southern clump of X01S.
GALEX barely detected one source at the position of HXMMO1 in
NUV band. Considering the spatial resolution in the NWwvidbis

-Cg” in FWHM, G1, G2, and HXMMOL1 are blended together. The source

as a total NUV flux density of .87+ 0.18uJy and is undetected at
FUV. We can safely assume that the contribution of HXMMO01&glit
gible because both filters are shorter than the Lyman break & 31.
Unable to deblend the flux between G1 and G2, we assumesthp3
per limit (0.54uJy) at NUV for all of the components. We do not use
the FUV upper limits because of its limited constraints an $fED.

Deblending is unreliable for th&/ISE images because of the low

S/N and resolution. The best-fit SED models of G1 and G2 {&&d)
suggest that most of the 14n emission and-25% of the 22um could

grise from the polycyclic aromatic hydrocarbons (PAHSs) dustt con-

t?nuum of the foreground galaxies, although the models hergs un-

certainties due to the lack of constraints at long wavelengtCon-

sidering the large uncertainties involved in estimating fibreground

contamination at 1um and that the other thré& SE channels over-
lap and are consistent with higher qual@yitzer data, we opt not to



Figure S4— Deblending the photometry from the ux-band to 8um. All images are 16x 14’ and are aligned in astrometry so that N is up
and E is to the left. The tickmarks are spaced at intervals’ of@r each filter, the original image is shown on the left arerésidual image
after subtracting the two foreground galaxies is shown erridfht. The apertures used for our photometry are outlingtieé residual images
(blue — X01N; red— X01S).

use theWl SE data for the SED modeling. We opt not to use the SWIRE 160m data because HXMMO01

At wavelengths longer than20 um, deblending is impossible be-is severely blended with another brighter source to the Nvd Aue

cause of the limited spatial resolution of the availableadatcept at © the complex structures in the background of that imagecavmot

8801m where we have the high resolution SMA data. However, we §tract a reliable flux for HXMMO1. Instead, we use the PACS fufn
not need to subtract the foreground galaxies here, becaXseva1 data that is much deeper and has much better spatial resoluti
should be dominating the total flux as the SEDs of the fore‘gﬂou We did not obtain useful measurements of HXMMO1 in the VHS
galaxies rapidly decline at these wavelengths. Indeedfotieground H-band because of image artifacts and at MIPS [160because of
galaxies are not detected in our SMA image. HXMMOL1 is restlvélending and complex structures in the background. HXMMe1,

in the SMA image (FigurEl1), so we can directly measure the880 and G2 are undetected at FUV, NUV, MIPS 7@, and 21 cm. The
fluxes of XO1N and X01S. Without high-resolution data at othiave- MIPS 70um upper limit is consistent with thec?detection made with
lengths, we assume the fluxes can be divided in the same pimporthe PACS 7Qum image.

among the three components as at 880 — 34% in X01N, 31% in We list the deblended photometry in Taldle$ S2[and S3. In the ph
X018, and 35% in the filaments (s¢@.2). Clearly, we have assumedometric errors, we have included the following flux califiwa un-
that the dust temperatures from the three components arsathe, certainties: 3% for CFHTLE, 2% for VISTA and WHES, 3% for
which may not be true in reality. IRAC®E, 4% for MIPS 24unt?l, 5% for MIPS 70unt®, 5% for PACS
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Figure S5— SEDs of the foreground galaxies G1 (top) and G2 (bot-
tom). The best-fit stellar population synthesis models are guio#ts
black solid curves, and the corresponding intrinsic modtisout dust
extinction are plotted in blue. Labeled are the spectrascaulshifts
that we obtained from the Keck/LRIS and the redugédalues of the
best-fit models. 02k

70, 110 and 16Qum, 7% for SPIRE (confusion noises are also in-
cluded in the total errors for PACS and SPERE10% for SMA, and
15% for MAMBOZ2 and PdBI. 01k

Probability

3 Lens Modeling -

The observed configuration and morphology of HXMMO1 do not
provide constraints on the lensing potential, except ttreatan rule out

models that produce multiple images of a single source {he strong 00
lensing cases). To constrain the lensing magnificationisttieafore- 1 2 3 4
ground galaxies impose on HXMMO1, we need to estimate thk dar Magnification

matter halo masses of G1 and G2 from their stellar massesstiihe

dard method to measure stellar masses is to fit the observe-UV_ o o )
near-IR SEDs with stellar population synthesis models. Figure S6— Magnification map and magnification factors (a) Sim-

. . ilar to Figure[d, but here we overlay the image-plane magtifia
3.1 Stellar and Halo Masses of the Lensing Galaxie®Ve use the map as black contours on th&ST/WFC3 F110W image. The magni-

MAGPHYS softwaré to fit evolutionary population synthesis models t? " . ted ina th dian hal 1Bnd S
the SEDs. We used the default 25,000 model spectra compsiegd u ication map IS computed assuming the median halo masses’an
profiles. Ciritical curves are in yellow and caustics are irpf1 (b)

the 2007 version of the Bruzual and Charlot stellar po ynthe- hséributions of the total magnification factors for tkg-band (black),

sis cod€Z, The model spectra were computed at ages between O.lt Mdust continuum at 888m (red), and the molecular gas as probed
13.5 Gyr for various metallicities and dust absorption cgdtidepths, Py COJ = 150 (blue). On the top, we show theirlo confidence

assuming a Chabrier IN¥E and exponentially declining or constan A s al th th di ification (b itoeb
star formation histories with random bursts. Models witksgreater intervals ajong wi € median magniication (boxes witioebars)
from log-normal fits (solid curves).

than the age of the Universe at the redshift of the object akided.
The software treats dust attenuation of young and old segrarately,
following a two-component mod& assuming that stars younger than ) ]
107 yr are embedded in their birth clouds so these stars arevatiess G1 and G2 are undetected in the SMA §8@ image, so we use the
by dust in both the birth cloud and the interstellar mediugi). It 30 upper limit at 88Qum to put some constraints on the dust emission,
then consistently computes the re-radiated mid-to-faski&t emission @nd therefore, on the amount of dust extinction.
in stellar birth clouds and the ambient diffuse ISM, basetherpower Figure[Sh shows the best-fit models. Using the 16th, 50th, and
of the attenuated stellar emission at shorter wavelengths and the 84th percentiles of the marginalized likelihood distribas, we esti-
corresponding probability exp(x?/2) are computed for each modelmated stellar masses of 10d¢a/M) = 10.72+0.06 and 1086+ 0.10
Finally, a marginalized likelihood distribution is builbf each param- for G1 and G2, respectively. The stellar masses corresporithio
eter. We adopt the best-fit parameter as the median of théhbleel masses of l0dhaioc1/Me) = 1256+ 0.26 and logihainc2/Me) =
distribution, which is usually close to the value corregting to the 12814 0.33, adopting théVlsta—Mngo relation at their redshifts from
minimum x2, and its+10 confidence interval as the 16tB4th per- abundance matchigand including the intrinsic scatter of the relation.
centile range. 3.2 Magnification Factors We constrain the lensing magnification
We fix the galaxies to their spectroscopic redshifts from thactors () in a Monte-Carlo fashion. We start by generating a dis-
Keck/LRIS spectra§[1.10; zg; = 0.6546 andzs, = 0.5020). Both tribution of 5000 pairs of stellar masses for G1 and G2 thHovo



widths of HXMMOL1 also suggest only mildu(~ 1.8) magnifications
from the foreground galaxies, because their £O1—0 luminosities
are similar to those of unlensed SMGs with the same line width
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_ 4 Physical Properties of HXMMO01
i In this section we determine the physical properties of HX0M
"#“ . from the SEDs, the high-resolution CO and dust continuumgesa
f . the CO spectra, and the X-ray images. Because the lensingificag
. 1 tions are small i < 2) and have large uncertainties, we list the lens-
amplified properties in units gfi—1 instead of correcting fop. Our
_ i derived physical parameters are summarized in Tallle Sg atih the
- ‘ \ =" i estimated magnification factors, so that readers can eawmilgct foru
L + 7=2.31 HIXMMO1 4 to obtain the intrinsic properties. Note that some pararaetee unaf-
100} . unlensed SMGs m | fected by lensing — e.g., surface densities, temperataresmass or
b ’ . lensed SMGs o ] luminosity ratios — so magnification correction is unneaegs
: 4.1 Stellar Mass and Star Formation RateWe modeled the full
100 _1ooo SEDs of X01IN and X01S wittMAGPHYS in the same fashion as for
FWHM (km s™) the lensing galaxieg[3.1)), although there are more data points to con-
strain the dust re-radiated emission. We treat the two coewts of

. _ HXMMO1 separately because of their distinct optical-t@niR SEDs.
Figure S7—LxgVs. FWHM for CO J = 1—0 of lensed and unlensed . ) : .
SMGs. The n(/:v% red stars show the measurements of X01N and X(ﬁ%we discussed ifi2 XOLN and X01S cannot be separated in the im-
from the JVLA data cube, which have not been corrected fasiten ages a:lwda\t/elengths btimt’etﬁnlﬁvn < A|< ;2ogym ?lr):cept at E?g@mm
The big blue squares with error bars are unlensed and lessimgcted so we had lo assume that the two galaxies have the same ap

SMGs with COJ = 10 measuremerf&Z45L8 and the small blue these wavelengths and assign their flux densities basectmpthpor-

squares are mostly SMGs with highiCO line measurements contonin the SMA image — 34% in X01N, 31%in X01S, and 35% in the

: . filaments.
verted to COJ = 1—0 using mean observed ra®ds The red line . . .
shows the best-fit relation for unlensed SMGs. The grey fitiecles The best-fit SEDs are compared with the photometry in Fig8ee S

with error bars are the GBT CO= 10 measuremerfof the bright- As expected, the level of dust extinction is high, with afestmeV -

estlensed SMGs in the H-ATLAS survey. The two main companeht ba|nd<o§0t/|calf (tjk? p\t/h S fy dN 37. 4.for Iyoukng stta rs\;\r; bf'.rtg (t::]m:dtfl (Lte.t’ |
HXMMOL1 lie on the same relation as unlensed SMGs, sugge#tiy only 5% of theV-band emission leaks out). We find that the tota

: o . , > stellar masses are arou(6+0.1) x 101y~ M, and(7.4+0.2) x
they are mildl < 2) magnified, consistent with our lens modelin . - .
resﬁlts 632) y (5 2) mag 019 =1 M, for XO1N and X01S, respectively. As we noted earlier,

the compact clump at the southern end of X01S dominates its@&m
at wavelengths shorter than thg-band (Figs[IL anf_$4), making it

the posterior likelihood distributions fromAGPHYS. We assign dark @Ppear much bluer than X01N. The clump may also be the reaspn w
matter halo masses using tMxtar—Mhayo relations from abundancethe model for X01S poorly fits the IRAC data points. Assumihgtt
matchin@. The 0.15 dex intrinsic scatter in thdsia—Mnalo relation the clump is not part of X01S and that the intrinsic SED of X(4S
at fixed halo mass is also included. We adopt the singulahésotal Similar to that of XO1N, we estimate a stellar mass(bf7 + 0.3) x
ellipsoid (SIE) density profile for the lenses and assumntteefollow 10 1~ M using the clump-subtractéts-band flux ¢-8.1 uJy) and
the centroid, ellipticity, and PA of the light distributioas supported the mass-to-light ratio of XO1N. In the following we adopisttatter
by observatiof§€. For each pair of virial masses (baryomidark Stellar mass estimate for X01S.
matter), we compute the image plane magnification map facestat By design, the mid-to-far-IR SEDs of the two components are
z= 2.31 with LENSTOOL (Figure[SB)8. We then compute the lumi- identical. Integrating the best-fit SEDs between rest-&adnand
nosity weighted magnification factors for HXMMO1, X01N, aXa1S 1000um, the IR luminosities implies an instantaneous SFR of 100
using the PSF/beam-deconvolved light-distribution medate com- 1004~ "M yr~* for each of the components, when converted using
pute 1 for the Kg-band, 88Qum, and CQJ = 10 images separatelythe Kennicut# calibration for a Chabri&f initial mass function:
because there are significant spatial offsets in the soa@ess these -1_ 1010
wavelengths. After excluding the strong lensing cases e/heodels SFR/Mo yr = =107 Lir/Lo @
generate more images then observed, the distributions gifiifization 4.2 Dust Properties As the far-IR SED is dominated by thermal dust
factors and source-plane projected separations are fitlegthormal emission, we fit the photometric data between 468 < 2,100um
functions to find the medians and the lincertainties (Figule 3. with a modified blackbody in both the general optically thickm
We find that the total luminosity-weighted magnification ofS, 0 (1—e7) B, (T), wheret = (v/vg)P andBy(T) is the Planck
HXMMO1 is only about 1.6. The northern component (X01N) isreno function) and the optically thin formS, O vA By(T)). We treat all
magnified {1 ~ 1.8) than the southern component (X056~ 1.4). components of HXMMO1 together because they are spatiatigived
The source-plane separation of the two componenksiband is just only at 880um. We fit for the characteristic dust temperatdygsy
2.2’ (19 kpc), which is 35% smaller than the image plane separatitie power law slope of dust opaciB the total far-IR luminosityt|r,
(3.4' = 28 kpc). Tabl& 31 lists the results. We find similar resudiag  and the wavelengtihg = ¢/vg below which the emission is optically
the NFW profil&®, although the estimated magnifications ar20% thick (T > 1). Given that the dust opacity per unit mass follows the
lower than using the SIE profile. Despite the observed dpaffigets same power law as the optical deptl,0 VP, and a normalizatié§ ™!
among the gas, dust, and stellar components, their magigficiac- of kg(125um) = 2.64+ 0.29 n? kg~1, we can also estimate the dust
tors agree within 10%. Therefore, we can safely ignore iifigal massMg,stassuming all dusts are at a single temperatyye.
magnification in this source. We use an affine-invariant Markov Chain Monte Carlo (MCMC)
As shown in Figur¢ 37, the CQ = 10 luminosities and line sampler (emce& to compute 500,000 steps from 250 samplers. Our
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Figure S8— SED modeling of HXMMOL1. (a) The blue and red data points are the deblended photpwie¥01N and X01S, respectively.
Their best-fimAGPHYS models (blue and red curves) are overlaid to show the qualitye fit. The dotted curves are the dust-free intrinsic,(i.e
stellar only)MAGPHYS models. (b) The red data points show the total photometryXd¥INIO1 including the filament (Table_$3). Overplotted
are redshifted and scaled templates from the local ULIRGs 3817 (orange long dashed curve) and ArpZ2(solid purple), the strongly
lensed star-forming galaxy “Cosmic Eyeld5hatz = 2.3 (green dashed), and the AGN composite EHblue dotted). The AGN template has
been scaled to the ddflux of HXMMO1 and reddenéd by Ay = 1.5 magnitude so that it is consistent with the optical SED ofM#%01. (c)
Blackbody fit to the far-IR (16Qim < A < 2.1 mm) SED. The optically thick model (black) provides aexigr fit than the optically thin model
(blue); the corresponding? values are labelled. The smaller error bars show only themselated statistical uncertainties, while the full error
bars include both confusion noise (for PACS and SPIRE) astésyatic flux calibration uncertainties. The inset showslt2, and & contours

in theT — B plane for the optically thick model.

approach fully marginalizes over the optical depth, an@satovari- lensed SMG HATLAS12 00 that has high-resolution CD=1—0 and
ances between the input photometry into account. The autdation dust mapg®.
length is<50 steps for all parameters, i.e., the chains converge very Since it is blackbody radiation, we can also estimate thesro

well. The resulting constraints are shown in Fidur&.S8 section of the dust emitting region using the Stefan-Bo#tmmlaw:
The general optically thick model provides a better fit to dia¢a. Lir 5 .
Our best fits havey? = 1 for 3 degrees of freedom angf = 7.6 Asg = yr 1.8x 10 % kpc? LR Ty e (3
dust

for 4 degrees of freedom for the optically thick and the aticthin
models, respectively. The former is therefore preferredi the best- wherelLr is in Lo and Tqystis in K. We estimate a dust cross sec-
fit parameters are tabulated in Tablg S1. The total IR luniipas tion of Asg = 6.3+ 1.5 u~ 2 kpc using the optically thick model. This
Lir = (3.240.2) x 1088 u~1 L, is enormous. This implies a FIR-cross section based on Stefan-Boltzmann law is three timedies
derived SFR of 3208200y~ Mg, yr 1. than the total area measured directly from the f&®image, suggest-
The best-fit dust temperature+55 K, which is much higher than ing that the dust filling factor is only about 30%. In other w®ra lot of
the average 35 K for normal star-forming galaxies and li¢sehigher structures have not been resolved, consistent with the lGwb@ght-
end of the dust temperature distribu®of hyper-luminous IR galax- ness temperaturedy = 2 — 3 K) that we measured from the JVLA
ies atz~ 2. This temperature is higher than the previously derivédOJ = 1—0 data cube.
value Tyust= 43+ 1 K)®, because Wardlow et al. used the opticall.4 CO—H; Conversion Factor Assuming the dust mass from the
thin model withp fixed to 1.5, which has been ruled out because of tietically thick case,Mqyst = (29+0.7) x 10° pu~1 M, and the
new PACS photometry. As a reference, our optically thin nhedth  Milky Way gas-to-dust mass raBbof 140, we would expect a to-

B relaxed giveSy,si= 36+ 2 K. tal gas mass of4.1+1.0) x 101 y=1M,. When compared with
High dust temperatures indicate efficient star form&#ni.e., the COJ = 10 luminosity from the JVLA (o = (454 0.8) x
starbursts. Using the Stephen-Boltzmann law, we have 10" p~1Kkms tpc), we obtain a CO>H, conversion factor of

acodust= 0.91£0.27 Mo /(Kkms~1 pc?).
chjs{} 0 Lir/Mdust 0 SFR/(ZgadVlgas) = SFE/Zgas @ On t.he. other hand, through hydrodynami.cal. simulations.kexoijp
with radiation transfer codes, the mean velocity-integpta€O bright-
where SFE= SFRMgasis the global star formation efficiency. Com-ness temperatur&\co) from spatially resolved CQ = 1—0 data and
bined with the lack of AGN activity in HXMMO1 {Z8), the high dust gas metallicity Z/Z:) has been used to provide a calibration to esti-
temperature clearly indicates that HXMMOL1 is a starbur&iga This mateacd??:
conclusion is supported by the star formation efficienck nami- -0.32 -0.65
cal timescale estFi)rF;ated E;%E = dconiz = 10Weo ™(2/2) @
4.3 Sizes of Star Forming Regions and Gas Reservoir®ur high whereWco = Lgg/Aco is in Kkm s 1 and the resultingrconi2
resolution data allow us to directly measure the extentefiisty star is in Mo /(Kkms 1 pc?). Using the sizes measured from the JVLA
forming regions at rest frame 2¢8n and the gas reservoirs probecCO J = 10 map and assuming thd@ = Z., for SMGs based on
by COJ = 1-0. As both components of HXMMO1 are resolved iprevious measurements of gas metallicity from metallidityggnostic
the SMA and JVLA COJ = 1—0 images, we use Gaussian modelsptical line ratio®, we estimate thaticoni2 = 0.71+ 0.04 and
convolved with the beam to fit the intensity maps. The soumessare 0.88+4 0.04 for X0O1N and X01S, respectively. Note that these esti-
estimated using the best-fit HWHMs along the ma@rgnd minor ) mate are unaffected by lensing, because lensing presdmwdsight-
axes A = mab). We find that the total size of the dusty star formingess temperature.
regions EAggp ~ 20~ 1kpc?) is about five times smaller than that of ~ Both of the above methods yield results consistent with e n
the COJ = 10 gas reservoirssipco = 9541 kpc?), similar to the mally assumed value afco ~ 0.8 — 1.0 for merger3IZ8L8: gy ch
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gas mass using the measured source sizes

2SFR= 0.5SFR/A880 and Zgasz O-SMHZ/ACO7 (6)

There are usually two dynamical timescale estimates — - fr
fall timescale ¢x) and the rotational timescale.;). We estimate the
free-fall timescale as

T = 4/ Rsl/z/(ZGMvir) = 0.74Ry 2/ AVEwHM, @)

where we have used the virial mass witRify, (Myir JE75¢
_E2 _ o 2
Myir = 50°Ry/2/G = 2.1 x 10° Mg, AVEymRy /2. (8)

where AVewum is in kms1 and Ry/2 in kpc. Note that
some authoB? used a virial coefficient greater than 5 to ac-
count for non-virialized systems, giving a formul,; = 2.8 x
10° Mo, AVEypwR1/2- To be consistent, we have corrected their dy-
namical masses to our scaling in Fighte 3.

On the other hand, the rotational timescale is defined as

Trot = Ry/2/Ve = 1.36Ry /2 /AVEwHM, )

where we have used the isotropic virial formula to estimba&dhar-
acteristic circular velocitye = +/3/8IN2AVeywHm = 0.736AVewHMES,
because the velocity gradient is unresolved in our data.
We opt to use the mean of the two very similar timescales as an

estimate of the dynamical timescale. For the half-lighiuadRy ),

we use the CAQ = 1—+0 HWHM along the major axis from the JVLA
data. And for simplicity, we have considered the obserRed as
unmagnified, although it could be magnifiadmost by a factor ofu,

Figure S9— Star-formation-rate surface density vs. molecular gas and likely only by,/[I. Neverthelessesr depends only linearly oR;

surface density for quiescently star-forming and starburs galax-

because all of the other parameters involved in the equaigiik, >gas

ies The two components of HXMMO1 and tize= 4.05 SMG GN28%  andAVrwhw, are preserved by lensing.

are the red stars and the red square, respectively. herter-

With Eqgn.[3, we estimate remarkably high star formation ef-

tainties of these measurements are smaller than the sizeafym- ficiencies: esp ~10% and 40% for XO1N and XO01S, respectively.
bol. Other objects are compiled from the litera®#& and their typ- This is more than an order-of-magnitude higher than the mefan
ical 10 uncertainties are indicated by the cross at the lower rigfigiency of quiescently star-forming galaxies like our MilkNVay
HXMMOL1 is consistent with the sequence defined by Beaid high- (€sF~2%). Itis worth noting that the-40% star formation efficiency
redshift starbursts, which have~20 times higher SFR surface denof X01S is similar to that of the hyperluminous quasar hosag®
sity at a given gas surface density than quiescently stamify galax- SDSS J114816.64+525150.3zat 6.4, which represents another ex-
ies. The dashed lines indicate constant gas consumptiesdiates for ample of maximum starbur3g

the star-forming diskstjisk = Tayn/€sF = Zgas/ZsFr) Of 70 Myr (red)

The SFR and gas surface densities of HXMMOL1 are broadly con-

and 1.5 Gyr (grey). Note thatisx are smaller than the consumptiorsistent with the starburst sequence defined by local ulir@irlous IR
timescale for the entire gas reservoirgs§), because usually only partgalaxies (ULIRGs) and luminous SMGs. Likewise, its SFR atef
of the gas reservoir is actively forming stars.

a conversion factor implies tremendous amount of moleayéarand
very high gas-to-baryon fractions for both components ofVH01

(Figs[2 andB).

4.5 Star Formation Efficiency In the form of the Kennicutt-
Schmidt law that involves a dynamical times&2]ehe star formation

efficiency per dynamical timescale is defined as

_ 2SR

ESF= .
Sgas/ Tdyn

density is much higher than the quiescently star-forminigoges at
the same epo®h (Figure[SP). Along with the = 4.05 SMG GN2&3,
HXMMO1 seems to also show a small offset from the best-fittiaha
of other SMGs. This is likely because for most of the SMGs thessof
star formation and gas reservoir were estimated from mapsggber-
J CO line¥2, Lack of COJ = 10 data, it was assumed that high-
CO emission have the same physical extent as the star-fomegions
and the CQJ = 10 emission, although accumulating evidence sug-
gests that total gas reservoirs traced by £O1—0 emission are more
extended than the star formation regions traced by suloneitér con-
tinuum and the denser gas reservoirs traced by high@® lines in
both local ULIRGS? and SMG3I2483 Because the higher-CO line

With the measurements from the previous subsections, we@ares- |luminosities were converted to those of & 1—0 using empirically
timateesr using the SFR surface densifyggr), the gas surface densitydetermined mean brightness temperature ratios, the gsuten-
(2gag, and the dynamical timescalgyfp).

Since the half-light radius of a two-dimensional Gaussgedual This alluded bias is unlikely to be present in studies thatehased
to the HWHM, we estimate the surface densities of the SFR had €0 J = 1—+0 maps for size measurem&ig426591

sities are overestimated for the SMGs that lack €6 10 maps.



4.6 Local Disk Stability As discussed ir§ [4.3, the COJ = 10 We measure the count rates with a&’4&dius aperture and the
gaseous reservoir of HXMMOL1 is five times larger than the éusit- background with an annulus betweer’ Zihd 90’ (to avoid an X-ray
ting regions embedded within. The reservoir is possibly pha mas- source 60 to the NE). After correcting for the aperture loss (70%)
sive gas inflow bringing copious amounts of cold gas to fuelstar- and the vignetting £50% at 10 off-axisl), we measure ad3upper
bursts. Similar to extended CO disks in some low redshifiga$29%  limit of 1.1 x 10-3 count s at 0.5-10 keV. With WebPIMM$, the
it is possible that the gas reservoir of HXMMO1 is rotatidpalup- above count rates yield a flux of@x 1015 ergs 1 cm2 for a Ray-
ported, suppressing its fragmentation to form giant mdsccouds mond Smith plasma model of 02, metallicity and a temperature of
and stars. To address the stability of the reservoir, we makeof the 7.1 x 10° K (i.e., the virial temperature of a 3#M, halo atz= 2.3),
Toomre’s criteriof®: P and a 0.5-10 keV flux of 97 x 101 ergst cm 2 for a power-law
Q= e (10) model with a photon index of 2. Therefore, the X-ray constrain
gas the cooling luminosity id.g5 10 kev < 2.8 x 10* ergs 1, while the
which compares the gas surface denZigysto the critical surface den- constraint on the AGN luminosity Isg.5_10 kev < 4.2 x 10* ergsL.
sity value at which the disk becomes unstable and beginggmfent. These luminosities imply a cooling rate & < 1,900 M. yr—1,
In the abovep is the gas velocity dispersion ardis the epicylic fre- and an Eddington-limited black hole mass\Mi§ gdd = (Lpol/1.45 x
quency, which for flat rotation curves can be writterkas v2ve/Ry /5, 1038 erg s1) M., < 4.8 x 107 M., assuming a bolometric correction
whereve = 1/3/8In2AVRwum = 1.730 is the characteristic circular of 69690 Note that this is not an upper limit on the black hole mass,
velocity?®, and Ry/2 is the COJ = 10 disk radius. Combined with because sub-Eddington accretion would allow higher masklfloles.
Tgas= o,5|v|H2/(nR§/2) and Equatiofil8, we obtain: Itis not surprising that we did not detect HXMMOL1 in the rataty
shallow X-ray observations. In the 2 N&handra Deep Field Nort#H1,
Mvir (1) only two of the 20 radio-detected SMGs show X-ray fluxes gnetian
Mgas fos5_gKkev>5x 10 P ergslem 2.

Q=097

We estimat& > 1 (Q = 3— 6) for both XO1N and X01S, because thei

virial masses are a few times greater than their gas maskesefore, B Space Density of Hyper-Luminous Mergers Like

the disks appear locally stable at least at the half-ligttiraThis is HXMMO1?
consistent with our finding that intense star formation esanly in HXMMO1 has an intrinsic flux density cggo~ 1744 mJy. From
the inner parts of the diskg B3), sinceQ decreases at smaller radithe 880um single-dish source count functi, the surface density of
mainly as a result of the higher gas surface densities. sources brighter than 17 mJy at 88 is ~0.1 deg 2. The estimated
4.7 CO Excitation The velocity-integratedJ=x—y to J=1-0 volume density of such bright obje&#is 10-8 to 10" Mpc—2, much
brightness temperature ratio is defined as, lower than volume density of SMGs with 880m flux densities of a
few mJdy ¢~ 107 to 10°® Mpc—3). Due to the lack of bright SMGs
; _JTx=y)dv _ [Sy(x—y)adv (V1 g 2 (12) in LABOCA surveys, the volume and surface density estimatesin-
XYALTTTI-0)dv [S,(1-0)dv\vs o) ’ certain by at least a factor of a few in either direction. &oHup CO

. o " . Observations of 2 to 10 mJy SMGs find that£&3% (2 out of 12) are
whereS, (x—y) is the flux density in thd=x—y transition andix—y is - resolve into physically related galaxy pairs with separations tgea
the frequency of the transition. than 12 kpc. Assuming that the resolved merger fraction itéa

Combining the JVLA CQJ = 10, CARMA COJ = 32, and gajaxies is applicable to more luminous sources, we estitinat sur-
PdBI COJ = 43 data, we measure CO brightness temperature rafjgge density of bright SMG mergers like HXMMO140.01 deg2.
0fr3 /1 0=0.64+0.16,andy 33 =049+0.09, similartoother  \ye can make another estimate using the source count a500
SMG$EEE andz > 2 quasar host galaxiéS®. This indicates that we The surface density terschel-selected sourcBsvith Ssgo > 100 mJy
would have obtained a similar amount of total molecular gasstor that are not associated with either a loaak(0.1) star-forming galaxy
HXMMO1 if we had converted hig-CO lines to COJ = 10 using  or 4 bright radio-loud AGN is Q4+ 0.04 deg2. Follow-up high res-
the mean observed brightness temperature ratios for SMGs. olution imaging of ten such sour&veals that HXMMO1 is the only
4.8 Could HXMMO1 be AGN Dominated? It would be useful to \ye|l-separated SMG merger wiBgo > 100 mJy in HerMES. So the
know if any of our estimates are biased by the presence of AGNgpected surface density of well-resolved SMG pairs 8014 deg 2,
Broad Balmer lines seen in HXMMO1 are common in S, They o, 1 per 100 def consistent with our estimate from the 8g@n
could indicate either AGN broad line regions or strong owio The  5qurce count function.
clear stellar light bump sampled by the IRAC bands (Fifuie) 8&li- Since variousHerschel surveys (HerMES, H-ATLAS, HelLMS)
cates insignificant AGN contribution. Assuming that AGNietf is | 5.6 mapped~1000 ded and the South Pole TelescBFE® has
responsible for the broaddlines, we can scale the composite AGN, 350642500 ded in submillimeter and millimeter wavelengths,
SEDFE2 1o the observed H flux and compare it to the observedpere should be-35 bright SMG mergers in these data. To identify
SED. As shown by the blue dotted curve in FigurdSie AGN's hot ;0 mergers among480 bright lensing candidates, a good strategy

dust bump would start to dominate the SED abe¥eum and produce g 1, se the CO luminosity vs. line width relation to weed bighly
ared [5.8}-[8.0] color, contradicting the observations. Dust exiioict magnified sources (see Figlird S7).

does not compromise this result: the more dust extinctionmypose : . .
to the AGN SED, the redder [5.8]8.0] color we get because the AGNeratllTr ; at\)/l\?en n(\;\g Itlrs];tt TE errtzsglr\;e(rlln:rl]\;(ss;\Awgrsgi:;rﬁgsrete;;;;;%I|t
ﬁnEez :La;;(OMl?\;Iaoslcglrzdli:((:ewzrzzr:ge:u@ ;:'fr:gfggggglbv;?iaglﬁ dicative of late-stage mergers. E_iut here we only includeathjects

. . : that have been resolved into multiple components. Thesgarsehave
flows and HXMMO1 is unlikely dominated by AGNs. projected separations spanning from 4 to 30 kpc and are ahifesd

4.9 X-ray Constraints on AGN luminosity anq Cooling Rate of hetween 1< z < 4. References for the sources in Table 1 are as fol-
Hot Gas Here we attempt to put some constraints on the AGN Iun]b-ws_ SMM J02399 013605108 SMM J09431:-4706724I0: MM
nosity and hot gas cooling rate using the stacked X-ray infrage the ' ' '

XMM-LSS survey ¢[L3), although the constraints are limited because yym-ewton Users’ Handbook;3.2.2.2
of the shallowness of the X-ray data. http:/heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Quantity HXMMO1 X01IN X01S Unit
Lens Modeling
H(<s) 159058 17875 1357773
(880um) 157:0% 183950 134818
§(CO1-0) 1541031 1.8475%2 1.37+029
Separation ~ 22'032/1871%1 arcsec/kpc
MAGPHYS SED Modeling
Mstellar (16+0.1) x 108*  (1.7+0.3) x 10! uIMg
Lir (1L1+£0.1)x 102 (1.14+0.1) x 1013 utLe
Optically Thick Blackbody Fit
Taust 55+3 K
2.17+0.23
Ao 180+30 um
Maust (2940.7) x 10° Mg
Lir (3.2+0.2) x 10'3 T
Asg 6.3+15 u1kpc?
0cogaydust 0.9140.27 M./(Kkm s~ pc?)
SMA 880um Image
Agso 98+0.6 89+0.7 u—Tkpd
YSER 56+ 6 62+8 Mo yr—1kpc2
JVLA CO(1—0) Datacube
2c01-0 2.3079+0.0007 23103+0.0007 23074+ 0.0004
AVewHM 840+ 160 970+ 150 660+ 100 kms1
Lot o (45+0.8)x 10" (1.3+£02)x 10 (1.7+£02)x10" pu~l1Kkms1pcd
Aco 27+2 6842 1 kpc?
Weo 4900+ 780 2500+ 350 Kkms?
acoN12 [0.] 0.714+0.04 088+0.04 Mo/(Kkms~1pc?)
Mgas (3.6+0.6)x 10" (95+1.0)x 100 (1.5+0.1) x 1011 Mg
Zgas 1730+ 200 109G+ 100 M. pc 2
Myir (5.94+1.9)x 10" (4.3+1.3)x 101 Mg
Trot 40+0.8 93+15 Myr
Ti 22+0.4 51+0.8 Myr
&sF 0.10+0.03 041+0.10
Mgas/Mbaryon 0.52+0.05 037+0.04 047+0.06
GBT CO(1—0) Spectrum
2c01-0 2.3074+0.0008
AVewnm 1670+ 140 kms?
Leo1 o (6.2:£0.9) x 10t p~tKkms1pc
CARMA CO(3—2) Spectrum
2c03-2 2.3073+0.0010
AVewnm 980+ 200 kms?
Loz 2 (2.9+0.5) x 101 ptKkms1pc
I3_2/1-0 0.644+0.16
PdBI CO(4-3) Spectrum
2c04-3 2.3081+0.0002 ..
AVewnm 880+ 50 kms?
Leoa 3 (2.2+0.1) x 101 p~tKkms1pc
4-3/1-0 0.494-0.09
Keck Ha Spectra
ZHa 23144+0.0019  23107+0.0015
AVewHM 2,370+ 340 17504320 kms1
LHa (9.4+1.6)x 10" (1.44+0.2) x 10" ulergs?t

Table S1- Observed and Derived Properties of HXMMO1. Refer to textigfinitions of the parameters.
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Instrument Band A Gl G2
(um) (LJy) (pdy)
GALEX NUV 0.23 <0.5 < 0.5
CFHT u* 0.38 07+0.2 1.0+0.2
CFHT g 0.49 29+0.2 41+0.2
CFHT r 0.62 63+0.3 147+0.5
CFHT i 0.76 148+0.5 311+1.0
CFHT z 0.88 198409 463+1.6
HST Fiiow 116 290+0.8 729+17
WHT J 125 327+1.2 782+1.8
VISTA H 1.65 602+5.3 1385+6.5
WHT K 2.15 877+7.7 1846+5.1
IRAC 3.6um 356 1111+79 1806+7.9
IRAC 45um 451 776+6.2 1465+7.3
IRAC 58um 576 704+139 993+137
IRAC 8.0um 796 514+146 1068+14.7

Table S2— Photometry of the foreground lensing galaxies.

Instrument Band A HXMMO1 X01N X01S
(um) (Kdy) (pdy) (pdy)
GALEX NUV 0.23 <05 <05 <05
CFHT u* 0.38 05+0.1 <0.2 05+0.1
CFHT g 0.49 13+0.1 <0.2 12401
CFHT r 0.62 23+0.2 02+0.1 21+0.2
CFHT i 0.76 25+0.3 < 0.5 23+0.3
CFHT z 0.88 38+0.6 0.6+0.3 3.2+0.6
HST F1iow 116 62+0.4 16402 47+0.3
WHT J 125 68+0.8 17+05 51+0.6
VISTA H 1.65
WHT K 2.15 225+3.4 76+2.0 149+2.7
IRAC 3.6um 3.56 485+5.8 222+5.0 264+2.8
IRAC 4.5um 451 641+5.9 294+5.0 347+29
IRAC 5.8um 576 11194120 515+6.8 604+9.6
IRAC 8.0um 7.96 869+127 411+6.7 4584+ 10.6
MIPS 24um 2367 2280+ 100
PACS 70um 7235 7970+ 3890
PACS 10Qum 10742 31700£ 3000
PACS 16Qum 16615 102100k 6000
SPIRE 25Qum 25094 180300t 14300
SPIRE 35Qum 35427 192100t 15500
SPIRE 50Qum 50947 131600t 11300
SMA 880um 87650 27000+ 3000 93001200 8300G:1100
MAMBO 1.2mm 120000 11200+ 1900
PdBI 2.1mm 21481 1220+ 240
VLA 1.4GHz 21x10° <420 <420 < 420

Table S3— Photometry of HXMMOL1.
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