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ABSTRACT

HATLAS J084933.4+021443 was identified as a dusty starhiadts rest-frame far-infrared (far-IR) emis-
sion. Multi-frequency imaging and spectroscopy revealeldister of four dusty galaxies at= 2.41, cover-
ing 80 kpc. Here, we use ALMA to confirm a more distant, fifthtouster member, and present X-ray and
rest-frame optical imaging spectroscopy of the brightastunlensed hyperluminous IR galaxy (HyLIRG).
The data reveal broaddHand bright [Nii] lines, and bright X-ray emission, characteristics thatdea Type-

1 active galactic nucleus (AGN), strengthening evidene¢ &GN are ubiquitous amongst HyLIRGs. The
accreting black hole is super massiy, ~ 2x 10° M, with little intrinsic absorptionNy ~ 5x 10?1 cm2,
The X-ray properties suggest the accretion luminosityisittzat of the starburst, yet it is not obvious where
this emerges in its panchromatic spectral energy distdbUyiISED). We outline three scenarios that could
give rise to the observed characteristics, and how we migtinduish between them. In the first, we see
the AGN through the host galaxy because of the cavity it extesy In the others, the AGN is not co-spatial
with the starburst, having been ejected via asymmetridigitéanal radiation, or having evolved towards the

naked quasar phase in an unseen companion.

Key words: galaxies: high-redshift — galaxies: active — galaxiesttsiest — submillime-
tre: galaxies — infrared: galaxies

1 INTRODUCTION

Since the discovery of the first example amongst thousanfasmf
sources uncovered by th&rared Astronomical Satellitehe origin

of the prodigious energy that characterises hyperlumiintfuared
galaxies (HyLIRGs, defined such thafgr > 10'3L o) has been

a topic of controversy — ‘monsters or babiesRu{z & Tacconi
1999. Indeed, ‘hidden quasar or protogalaxy?’ was part of the
title of the paper announcing the discovery of the now-fasnou
z = 2.3 galaxy, IRASFSC10214+472&R6¢wan-Robinson et al.
1991), which still qualifies as a HyLIRG even though it was eventu-
ally found to be strongly lense@faham & Liu 1995Deane et al.

(e.g. Karimetal. 2013 Fu etal. 2013 Oteo et al. 20162018
Riechers et al. 20%7Litke etal. 2019 cf. Younger et al. 2007
2008 Riechers et al. 20)3Genuine, instrinsic HyLIRGs are thus
known to be extraordinarily rare — indeed, to find the neasast
amples one must search outze- 0.3 (Rowan-Robinson & Wang
201Q cf. Efstathiou et al. 2014 Nevertheless, HyLIRGs are ex-
cellent laboratories with which to confront recent hydnodmic
simulations of isolated and merging galaxies (¢dgyward et al.
2012, Narayanan et al. 20)5which struggle to reproduce their
number densities in the presence of the feedback requin@atch
the local mass function. The luminosity of a HyLIRG implies a
star-formation rate (SFR) of 3,400 M yr—1; indeed, its SFR

2013. A decade later, this same rare population made an ap- would remain substantial if the stellar initial mass fuoatis top
pearance amongst early images obtained in the submm wave-heavy Zhang et al. 2018 or if there is a substantial contribution

band, with the first submm-selected galaxy (SMG) being iden-

tified as a weakly lensed HyLIRG a& = 2.8, comprising a
dust-obscured, gas-rich starburst alongside a broadatimoline
(BAL) quasar (vison et al. 19982010 Frayer et al. 19982018
Vernet & Cimatti 200).

As a result of the spatial resolution of the Atacama Large
Millimetre Array (ALMA), many previously suspected HyLIRG
have been resolved into multiple, discrete ultralumindRiglax-
ies (ULIRGs), some hovering around the HyLIRG threshold

to Lig from a powerful AGN as has often been suspected (e.g.

Hines & Wills 1993 Franceschini et al. 2000Either way, when
observing HyLIRGs we are witnessing galaxy formation aftritst
extreme and it is important to understand which physicat@sses
trigger these far-IR-luminous events, and the subsequegna-
ing mechanisms. Are these high-redshift starbursts sirtalahe
ULIRGs seen locally, with the same efficiency in convertiras g
into stars, or do they have a higher star-formation effigi@rn€the
latter, why? Are the relations between metal content, standtion
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and mass similar to other high-redshift galaxy populatfohew
do the starburst episodes relate to the growth of the celtimak
holes?

As its name implies, HATLAS J084933.4+021443 (hereafter
HATLAS J084933), was found in the largest extragalakiérschel
survey, H-ATLAS (Eales etal. 2010 with S5q,m = 249 mJy
(Valiante et al. 201} Its redshift was determined quickly via mul-
tiple CO lines ¢ = 2.41 —Harris et al. 20121Ivison et al. 2013
Gomez et al. 2018 suggestingL,;g ~ 6 x 1013Lg. Extensive
panchromatic observations, including imaging at highiapegso-
lution with ALMA, the Jansky Very Large Array (JVLA), the Sub
millimetre Array and the Institut Radioastronomie Millitnigue’s
Plateau de Bure Interferometer (IRAM PdBI), revealed thATH
LAS J084933 — like many other HyLIRGs (elgarim et al. 2013
— breaks down into multiple gas-rich galaxies at the samshiétd
covering~ l1l0arcsec or 80kpc in the plane of the sky, desig-
nated W, T, M and C (séeFigure 1 oflvison et al. 2013hereafter
113), each component a distinct ULIRG or HyLIRG. T is gravi-
tationally amplified by a foreground edge-on spiral; W is an un-
lensed HyLIRG. M and C are somewhat less luminous (kjill
> 10*2 L, so ULIRGs, and unlensed) yet gas-rich galaxies.

An unusually high intrinsic IR luminosity was first suspette
for HATLAS J084933 because of its broad CD = 1-0 line,
~ 1,180 km s FWHM, as detected by the Greenbank Telescope
(GBT), which Harris et al.(2012 argued was consistent with no
gravitational amplification. However, although W does hamein-
usually broad CO line, 826 115 km s FWHM, and is unlensed,
the overall line width was shown H{3 to owe much to the veloc-
ity dispersion of the aforementioned group of luminoustzissts
found within the GBT beam.

High-resolution ¢ 0.3-arcsec) 3-D spectroscopy obtained
with JVLA and the IRAM PdBI in'2CO J = 1-0 and 4-3, re-
spectively, traced the molecular gas dynamics on scalesldpc,
measuring the spatial extent of the gasl(arcsec, o~ 8kpc), its
mass (and density), Toomre parameter and the mid-plane-hydr
static ISM pressure. Later ALMA observations suggestet tthex
far-IR emission of the most luminous component, W, corraggo
to greybody emission from dust at a single temperatsird0 K,
throughout the full extent of the galax@omez et al. 2018

In all of these long-wavelength studies, and also with r@gar
to its rest-frame optical-through—radio SED, HATLAS J0B39V
resembles a starburst, with no obvious sign of any influerwee &n
AGN, though — like mergers and interactions — accreting llac
holes are often difficult to identify in dusty starburstsiwatnything

but the deepest and most complete of datasets. In this paper w

present new observations of HATLAS J084933 obtained usiag t
Atacama Large Millimetre/Submillimetre Array (ALMA), thEu-
ropean Space AgencyXMM-Newtonspace observatory and the

KMOS spectrograph on UT1 of the European Southern Observa-

tory’s Very Large Telescope, to further elucidate the ratfrthis
galaxy: hidden quasar, or protogalaxy? Monster, or baby?

The paper is organised as follows2 8lescribes the observa-
tions and data reduction.3gpresents the results, with our discus-
sion of those results in 4 We summarise our results and draw
conclusions in . Throughout, we adopt a standakdCDM cos-
mology withQm = 0.3, Q4 = 0.7 andHg = 70kms 1 Mpc1,
such that 1 arcsec corresponds to 8.1 kpr-at2.41.

1 Alternatively, the layout of these galaxies is shown latethis paper.
2 Weakly — by less than a factor two; intrinsically, T is stilHyLIRG.

2 OBSERVATIONSAND DATA REDUCTION
21 KMOSNVLT

The KMOS observations were carried out during ESO observing
period P94, under the observing programme.8940214(A). We
adopted the standard object-sky-object nod-to-sky obsiervpat-
tern, with 300-s exposures and an alternating 0.2- and@skea
dither pattern to improve the spatial sampling. The targes ab-
served in theK band, with a total integration time (on source) of
80 min, with a median seeing of 0.7 arcsec.

The data reduction was performed by using SPARK (Software
Package for Astronomical Reduction with KMOSDavies et al.
2013, implemented using ESOREX (ESO Recipe Execution Tool
— Freudling et al. 2018 Each of the 300-s exposures was re-
constructed independently, wavelength calibrated and ssky
tracted using the closest sky exposure, and finally re-sedfripto a
data cube with 1 x 0.1 arcseé spaxels. In order to improve the sky
subtraction we used thexYTWEAK option within SPARK Davies
2007, which accounts for the time variability of the various OH
sky-line families. Standard-star observations were edraut on
the same night as the science observations and used forcetu-
rection and flux calibration. The individual 300-s cubesev@arally
combined together to create a stacked cube.

22 XMM-Newton

HATLAS J084933 was observed wiXMM-Newtonon 2017 April
22-23 (AO15, proposal 078435). The resulting data from the E
ropean Photon Imaging Camera (EPIC), which comprises tree
ray charge-coupled device cameras operated in a so-cpHetbn-
counting mode’, were reduced with version 15.0 of XKIM-
NewtonScience Analysis Software (SAS). TK&M-Newtonob-
servation was significantly affected by particle backgabélaring
events, from which the data were screened on the basis ofiflhe f
field count rate above 5 keV. After filtering out the high-bg@und
periods, the net exposure times were 27, 26 and 26 ks in the MOS
and MOS 2 cameras and the pn camera, respectively.

Images were constructed in four bands: 0.2-0.5, 0.5-2, 2—

5 and 5-10keV. Background images were constructed follgwin
the procedure described hyaring et al.(2005. The images were
searched simultaneously for sources in the four energyshasidg
the standard SAS tasksBOXDETECTandEMLDETECT. The as-
trometric solution of the images was refined by cross-cafirgj
the X-ray source list with optical sources from the SloaniDig
tal Sky Survey (SDSS Adelman-McCarthy et al. 20Q&ising the
SAS taskEPOSCORR

A point-like X-ray source was found at = 08h 49m 3359s,
§ = +02° 14’ 44”76 (J2000) with a 1z statistical uncertainty of
0.4 arcsec, which includes the contribution from the asétoim
cross match to SDSS. This position is coincident with thathef
unlensed component, W, of HATLAS J084933. We have verified
by examination of the 3XMM catalogudrsen et al. 20D6that
our 0.4-arcsec positional uncertainty is reasonable fooraaxis
source with comparable signal-to-noise ratio. Note thatghint
spread function (PSF) of EPIC, at around 6 arcsec full-wigth
maximum (FWHM), is sufficiently large that minor contribortis to

3 An optical point source visible immediately to the west of §Vai star.
As described byi13, it is unable to provide any significant gravitational
amplification; the X-ray data reported here are not comfeatilith stellar
emission, thus we can reliably associate the X-ray emissitn\Ww.
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Figure 1. Extracted inside a 1-arcsec-diameter aperture (yelloalesioverlaid on théHubble Space Telescope (HS)10W image from13), the lower
panel shows the broaddHemission, spanning 9,700 km’s FWHM, in component W of HATLAS J084933 as observed by VLT/KEBQunambiguously
revealing the presence of a previously unseen broad-linl.AS 11] at 654.986, 658.527 nm and {§ can also be seen (and is also marked). The other four
spectra illustrate the variation in the ratio of [iJto Ha,, which increases markedly to the North-East (NE), as sainipjesmall off-centre apertures (the
four blue circles). It is unfortunate that the bluelfijlline falls almost exactly on a sky line (this region was neskluring the fitting); however, this issue is
mitigated by the fact that this blue [N line has a fixed wavelength offset and flux ratiod8~1 x) with respect to the redder (brighter) component of the
[N 1] doublet. Given the bright red component, we can be confittexttthe blue component is buried under the sky line. N is up;t& the left; offsets from
2000 = 132°.3900 and52000 = 2°.2457 are marked in arcsec. A known star is labelled.

the X-ray flux from the other components of the HATLAS J084933 pendix A of Page et al(2003. Finally, the spectrum was grouped
system may be hidden in the wings of the PSF. Nevertheless, th to a minimum of 20 counts per bin.

precise positional coincidence of the X-ray source with ponent

W implies that the X-ray emission is dominated by this congin

We extracted X-ray spectra in the three EPIC cameras from a
circular region of 15 arcsec radius, centred on the X-rayc®ou
Background spectra were obtained from an annular region sur
rounding the source, from which detected X-ray sources wrre 23 ALMA
cised. Event patterns 0—12 were included in the spectraetbri
from MOS, while for the spectra derived from the pn camera we The ALMA band-6 245-GHz (1.22-mm) data used here were
used patterns 0—4 above 0.4keV and only pattern O between 0.2obtained for project 2013.1.00164.S, targeting the *Clhe
and 0.4 keV. For MOS, channels corresponding to the strdiig 1. (Falgarone et al. 20370ur resulting continuum image, where we
keV Al Ka background emission line.gmb et al. 2002 were ex- have discarded the channels around thef @ik, was made using
cluded. The spectra of the target from the different EPICaras the CLEAN task in the Common Astronomy Software Application
were then combined to form a single spectrum, and the carnesp package (CASA -McMullin et al. 2007. The image has an r.m.s.
ing response matrices and background spectra were comisined noise level,o = 38uJybeant?, and the synthesised beam mea-
an appropriate fashion to form a single response matrix asid-a sures 049 x 0.48 arcse® FWHM, with the major axis at a position
gle background spectrum, following the method describe#lgn angle, measured East of North, of 227
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Figure 2. The XMM-NewtonEPIC X-ray spectrum of HATLAS J084933.
The data points correspond to the measured spectrum antepiped line
corresponds to the best-fitting absorbed power-law mod#h Biodel and
data have been divided by the product of the effective arelaGadactic
column as a function of energy and are plottedE&g, channel energy
multipled by the energy flux per unit energy, so that an unddesbpower
law with @ = +1 would correspond to a horizontal line.

0.2 10

3 RESULTS

Here, we outline what can be deduced from the new rest-frggzne o
tical spectroscopy, X-ray spectroscopy, and the submmiingags
described in the previous section.

Fig. 1 presents our new KMOS spectrum of component W of
HATLAS J084933, extracted in a 1-arcsec-diameter aperitiie
Balmer Hx 656.461-nm emission is very strong indeed, and broad,
where in SMGs it is normally a combination of weak and narrow
lines offset spatially from broader (few1000kms1) compact
components Nlenéndez-Delmestre et al. 2013Ve fit Gaussians
simultaneously to the broad and narrow ldomponents, and to
the [N11] doublet at 654.986 and 658.527 nm with a red/bluel [N
line ratio of 3.06, with all the narrow lines tied to the sanee+
shift and line widtH, and we also fit simultaneously to the con-
tinuum. The strongest sky lines (marked in grey in Figwere
masked during the fitting process. We find that the broad ¢mgrr
He lines span 9,700 [600] knt¢ FWHM, with the narrow line®
at zg, = 2.4048. The line fluxes determined for the narrow and
broad Hr lines, accurate te- 10 per cent, are.2 x 10-17 and
2.0 x 10~ ergsstcm=2. The flux and width of the broad line
imply a black hole massvly, ~ 2 x 10° Mg (Schulze et al. 2018
i.e. a super-massive black hole (SMBH).

There can be no doubt, therefore, based on the charaaisristi
of the Ha emission line profile, that a broad-line Type-1 AGN is
present in the HATLAS J084933-W system.

In passing we note that the ratio of [N to Ha increases
markedly to the NE of the combined continuum/line centraisl,
illustrated in Fig.1, suggestive of an ionisation cone.

We turn now to the data frordMM/Newton The X-ray spec-
trum was modelled using version 11.3 of the X-ray spectral fit

4 [Su]can also be seen, weakly; this wavelength range was extliidn

the fits.

5 Recall that the three CO lines observed towards HATLAS JB84%

have an error-weighted average redshif; = 2.4068+ 0.0002, so offset
away from us along the line of sight from the rest-frame @ptines by
~ 600kmst.

15

N, (12 cn1?)

0.5

0

Figure 3. Confidence contours for power-law slojg,and intrinsic column
density,Ny, from the model fit to the&KMM-NewtonEPIC X-ray spectrum.
The solid, dashed and dotted contours corresponsiyté of 2.3, 6.2 and
11.8 respectively, equivalent to 68, 95 and 99.7 per cerfidmmce regions
for two interesting parameters. The best-fit model parammete indicated
with a small cross.

ting package, XSPEC. An absorbed power-law model was fitted

to the spectrum, in which the absorption was the product taf co
Galactic photoelectric absorption with a fixed column dgnef
Ny = 29 x 100%m™2, and cold photoelectric absorption at
z = 241, corresponding to the rest frame of HATLAS J084933,
for which the column density was a free parameter in the fie Th
spectrum and best-fitting model are shown in Ridlhe fit yielded
a x2 of 22.3 for 31 degrees of freedom, implying that the model
fits the data well. Fig3 shows the confidence contours for the
intrinsic (z = 2.41) column densityNy, and power-law energy
index, a, defined such tha§, « v~?. The best-fitting power-
law index, @ = 0.8 = 0.1, typical for QSOs az ~ 2-3 (e.g.
Mateos et al. 20052010. The best-fitting intrinsic column den-
sity, Ny = (5 + 3) x 10?1cm™2. Zero intrinsic column density
corresponds to &2 of 5.9, so the intrinsic absorption is only
marginally significant (2). The 3 upper limit to the intrinsic col-
umn is 12 x 10%2cm~2. The best-fitting model implies a 2—10-
keV flux of 41 x 10" ergcnt2s~1 and a 2-10-keV luminosity,
Lx = 1.4 x 10*®ergs1, once corrected for Galactic and intrinsic
absorption.

This X-ray luminosity is orders of magnitude brigttehan
we would expect for X-ray emission due to star formatitug (s
0.004L g — Alexander et al. 2003aand brighter than any of the
21 X-ray-luminous SMGs found bstach et al (2019 amongst
the 274 SMGs covered by the 200-ks Chandra X-UDS
(Kocevski et al. 2018 observations. We findy ~ 0.011Lg,
roughly consistent with both the ‘AGN-classified SMGs’' of
Alexander et al(20050 and the quasars cataloguedblyis et al.
(1994, with bothLy andL g similar to IRAS F15307+3252, a hy-
perluminous Seyfert 2 quasar at= 0.93 about which relatively
little is known (Cutri et al. 1994 Ruiz et al. 200Y.

6 We must acknowledge, of course, that we cannot yet know \ehette
X-ray emission is variable.
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Our X-ray data thus corroborate the conclusion of our rest-
frame optical spectroscopy: HATLAS J084933-W hosts an AGN.

To estimate thébolometricluminosity of the AGN, we be-
gin by translating thé&-corrected X-ray luminosity to an expected
rest-frame ultraviolet (UV) 250-nm luminosity via the lagh-
mic slope,apyx, Which connects the 250-nm and 2-keV points
on the SED. Using equation 4 frodust et al (2007, we obtairf
aox = 1.63. Taking the resulting UV luminosity, we use the bolo-
metric correction from figure 12 dRichards et al(2006 to arrive
at an overall bolometric correction factor of 24@he 2—10-keV lu-
minosity, implying a bolometric luminosity of.G x 10*” ergs 1,
or log Lpgl/Le ~ 1362, so of the same order as the IR luminosity
of the starburst, log /Lo = 13.52+ 0.04 (113).

To assess the uncertainty in our estimate of the AGN’s bolo-
metric luminosity, we combine in quadrature the r.m.s.tecah
aox from Strateva et al(2005 and in the UV-to-bolometric cor-
rection factor fromRichards et al(2006), obtaining an overall &
logarithmic uncertainty of 0.31, so roughly a factor of two.

In the absence of a measurement of the Balmer decrement,

we can make a crude estimate of the optical extinction tosvard
the AGN using the well-documented correlation between dige |
arithms of Hr and X-ray luminosity. For this, we use the regres-
sion of the full sample oPanessa et 82006), given by the fourth
row of their table 3 and shown in the right-hand panel of tfigir
ure 4, adjusting for the different value &fg that they adopted.
For our observed 2—-10-keV luminosity, we would expect an in-
trinsic Ha luminosity of 47 x 10*3ergs ™1, where the measured
flux of the broad Kk component corresponds to a luminosity of
9 x 10*2 ergs L. To reconcile these predicted and observed lumi-
nosities requires 1.8 magnitudes of extinction. Takingsttedter of
the Panessa et 812006 sample about the regression into account,
together with the measurement errors on the ahd X-ray lumi-
nosities, we estimate asluncertainty of 1.3 magnitudes on the
implied extinction. Translating téy, from the extinction experi-
enced at the wavelength ofaHusing theRy = 3.1 extinction law

of Cardelli et al(1989 givesAy = 2.2+1.6. Giver & Ozel(2009
suggest thaNy = (2.21 + 0.09) x 1071Ay for a Milky-Way-like
dust-to-gas ratio, so we finly = (4.8 = 3.5) x 10?1cm~2, per-
fectly consistent with the column density we determineagisiur
X-ray measurements.

Any intrinsic absorption towards the AGN is thus likely to be
rather small, which is perhaps surprising for a galaxy toatains
such immense quantities of molecular gas, and withx 10° Mo
of dust that we have already noted is well fit with greybodysmi
sion at a single temperature over the full extent of the galax
(Gomez et al. 2018 bearing in mind that typical SMGs are thought
to be optically thick out tov 75um, with Ny ~ 10?*cm~2 and
Ay ~ 500 (Simpson et al. 2037

Moving now to the ALMA data, Fig4 presents our ALMA
band-6 continuum image of HATLAS J084933 with contours su-
perimposed on thelSTF110W image fromi13. In a separate panel
of Fig. 4 we show the JVLA2CO J = 1-0 imaging and th&pitzer
IRAC imaging froml13. We do this to illustrate that a band-6 con-
tinuum source, detected at-6which we denote component ‘E’,
which lies~ 12 arcsec to the north of component T, can now be
seen to be coincident with a very red galaxy that was detdnfed
IRAC, as well as being detected in CO, also at 6ut which is not
seen in the F110WASTimage. E lies in a confused region of the

7 Note that the minus sign is explicit in our definition @by but not in
that used bylust et al(2007).
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Figure 4. Top: band-6 245-GHz (1.22-mm) continuum emission superim-
posed as contours on tiSTF110W imaging of HATLAS J084933Bot-
tom: contours of?CO J = 1-0 emission, collapsed optimally for each ob-
ject, superimposed on a three-colour image comprising vliieamoothed

J + H + Ksimage from VISTA as the blue channel plus tBpitzerlRAC
3.6- and 4.5um data, all froml13. The object marked ‘E’, north of T, can
now be considered robustly identified — via the positionahcidence of
faint 1.2-mm and CO emission with a red IRAC counterpart — diétta
dusty, gas-rich galaxy in this = 2.4 proto-cluster. Contours are plotted
at—3, 3 x o, with V2-spaced increments thereafter, wherés the local
noise level. N is up; E is to the left; offsets fropoog = 132°.3889 and
82000 = 2°.2457 are marked in arcsec. Known stars are labelled.

maps obtained by thé/ide-field Infrared Survey ExploréwWISE—
Wright et al. 2010 and a limit cannot be set that is both meaning-
ful and useful. Component E can thus be added to the invenfory
dusty, gas-rich galaxies that form part of the protocluagsociated
with HATLAS J084933, making five in total, covering 15 arcsec
or~ 120 kpc.

As seen in the CQJ = 1-0 image, integrated over its full
line width, E subtends: 7.3 kpc. Consistent measurementd g
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Table 1. Basic observational properties of component E

Wavelength Sy Comment
1.1um 3r <0.8 udy; F110W
2.15um 3 <91 udy; VISTA Ks
3.6um 79+1.0 uJy; IRAC
4.5um 103+1.5 udy; IRAC
1.22 mn? 1.47+0.24 mJy; ALMA
5.9cm I <45 udy; JVLA
R.A.  08:49:32.867£0.003) J2000
Dec. +02:14:53.1240.03)  J2000
log LirP 12.8°%% Lo
SFR 650 M yr—1 (see text)
FWHM COJ =1-0 7.3+1.8 kpc
COJ=1-01co 0.27+ 0.06 Jykms?
COJ=1-0 FWHM 1380+ 410 kms1
COJ=1-0zsRr 2.4151+ 0.0018
COJ=1-0L¢, 76+ 17 10 kkms~1 pc?
COJ=1-0Lco 3.9+0.9 1PLeo
log M{, e 10.8 +0.2 Mo
l0g Mstars 10.3+0.2 Mo
SFE 120 o Mgt

apeak 1.22-mm flux density, 668 75uJybeant!, so resolved by the
0.49 x 0.48 arcset FWHM beam.

bScaled from component W, whe® 2omm = 8.29 + 0.13 mJy and log
Lir = 13.52, thereby adopting the same SED as W for component E.
CForaco = 0.8 Mg (K kms™1 pd)~1.

were obtained from this image and from a Gaussian fit to the-spe
trum extracted at the peak and corrected {gr/ | peak E lies close
to the redshifts of M and C, somewhat redward of W and T, and
thus further helps to explain the broad line seen originajiythe
~ 22-arcsec primary beam of GBHérris et al. 201p The line
is considerably broader than those of the other clustenxigsa
~ 1,380 km s 1 FWHM, albeit with a large uncertainty. The sig-
nal to noise is too low for us to be fully confident, but two gas
clumps may be involved, distinct both spatially and in réfisbr
there could be a rotating gas disk, as with W and T, this tirmagl
PA ~ 45°, with the reddest component to the north east. Scaling
from the band-6 flux density and SED of component W, compo-
nent E has an IR luminosity of approximatelyx610*2L o. Fol-
lowing Kennicutt(1998), this implies an SFR of 650 Myr~1 for a
Chabrier(2003 stellar initial mass function (IMF), or considerably
less for the IMF observed in distant, dusty starburst&lgng et al.
(2018. E contains approximately% 1010 and 2x 1019M, of gas
and stars, respectively. Its basic observational pragedtie listed
in Tablel.

Component E is not detected in oXiMM-Newtorimages, and
is in the wings of the PSF of component W. We measured the sount
in a 10-arcsec-radius aperture at the position of compoBearid
can set a @ 2—10-keV upper limit of & x 10~ ergem2s1,

4 DISCUSSION

Before discussing plausible explanations for the propsf HAT-
LAS J084933-W, let us first look at our results in the conteixt o
other relevant samples. The X-ray properties of HATLAS 3B
W are consistent with those of the majority of the 14 HyLIRGs
at z = 0.3-2.0 observed in X-rays bRuiz et al. (2007, where

(2012 sample of 929 AGN, selected oversa 2-ded field via
X-rays, only five have higher bolometric luminosities thaATH
LAS J084933-W; its redshift is amongst the most distant|dedi
Type-1 AGN; its absorbing column is roughly7the averageNy
for an X-ray-selected Type-1 AGN — not particularly unusdal
and half the average for a Type-2 AGN.

We know that there are no clear signatures of an AGN in the
rest-frame UV spectrum of HATLAS J084933-W, where the Keck
spectroscopy dfl3 revealed only faint @] at rest-frame 232.6 nm,
consistent with considerable dust obscuration. Is theyecginer
indication from existing observations of HATLAS J084933tkét
it might harbour a powerful AGN? Is the panchromatic SED of
HATLAS J084933-W more consistent with a typical SMG, or with
a luminous AGN?

The SED of HATLAS J084933-W was not presented blueward
of Agps = 880 nm byl13, but it has since been observed as part of
the wide layer of the Hyper Suprime-Cam Subaru Strategie Pro
gram QAihara et al. 2018 with g = 23.69+0.26,r = 2259+ 0.18,

i =2192+0.13,z=2141+0.09 andy = 21.08 + 0.08 AB mag.

We also note thatVISEobtained a 3 detection consistent with the
position of component W of HATLAS J084933 - albeit with poor
spatial resolution, 6.5 arcsec FWHM — in its W3 band a2

with a flux density of 42@ 140 uJy. An even more tentative:(30)
detection was made in the W4 band (12 arcsec FWHM) atr@2
3.3+ 1.3mJy. These data represent weak evidence that the mid-IR
SED tends towards the AGN region of colour-colour spacereed]

in diagnostic plots (e.dvison et al. 2004Lacy et al. 2003

An updated SED for HATLAS J084933-W, now spanning
rest-frame UV-radio wavelengths, is shown in Fig.For com-
parison, Fig.5 also shows the median SED of over 700 ALMA-
identified SMGs from U. Dudzegiute et al. (in prep), and the well-
sampled SEDs of the dust-rich, Type-1 AGNs, APM 08279+5255
and BR 12020725 (rwinetal. 1998 McMahon etal. 1994
Leipski et al. 2010Leung et al. 201p The SEDs have been nor-
malised at rest-frame 1Qom.

Compared to a typical SMG, Figh reveals that an extra
(2.8+0.9) x 1011 L emerges from HATLAS J084933-W across
the rest-frame UV-optical wavelength regime, where it isagni-
tude bluer ing — K. The SED of HATLAS J084933-W is, however,
fully consistent with that of an SMG, lying at the upper boand
of the r.m.s. scatter in rest-frame UV-optical emissionfrypi-

cal SMGs, whereas we can see that an order of magnitude or more

in flux density separates the SEDs of HATLAS J084933-W and the
dusty Type-1 AGNSs, across two orders of magnitude in wagghen
/lrest% 015—30/Jm

This illustrates the conundrum we face: the X-ray data for
HATLAS J084933-W imply a colossal bolometric luminosity,
similar in magnitude to the far-IR luminosity, yet the lattgises
from a large disk and cannot sensibly be powered by the AGN;
unlike other dusty Type-1 AGN, there is no obvious sign of sig
nificant excess rest-frame UV-optical-mid-IR emissionrfrthe
AGN, yet the accretion energy must be emerging somewhere, un
less our understanding of how X-ray luminosity maps to batyia
luminosity is flawed. The panchromatic SED, low intrinsicrag
absorption and general properties of HATLAS J084933-Wether
fore present a considerable puzzle.

8 Determining the rest-frame 250 nm-2 keV slope using therebdeopti-

the sample was selected to contain a range of examples of theca| magnitude would yieldrox ~ 1.1, which would suggest a lower bolo-

HyLIRG population, including Type 1 and 2 QSOs, so signiftgan
biased towards those containing AGN. Compared th.theso et al.

metric luminosity, yet this slope would then imply heavy Uk'sguration;
thus the approach taken irBgs physically meaningful and appropriate.

6102 1snBny ¢ uo Jasn weyinq Jo Ausianiun Aq 80ZSHSS/08 1L ZZIS/S_IUW/EE0 L 0 | /I0P/10BI1SE-8|dILIB-80UBAPE/SRIUW /W00 dNo olwapede//:sdiy Woll papeojumo(]



_'I T T + T T Tororrrrr ]
— 103 we f e o, 4
) r) rt‘\
g, 102 :_ ' f s N _:
2| : y 3
g | o eoe ". # R \
() 101 3 ”\‘UU °\ E
© F o I3 ‘\ E
§ re r "' ’\‘ ]
= oL ] & e °
“_5 10 ? = "l-/l \\\\: + _,—"i
() P e 1
2101 v ’ ]
© E E
g lf ---- median SMG BR 1202-0725 7
§ 10-2 _ .'/ SMG 10 scatter ¢ This work ]

APM 08279+5255

:nl ,/I/I Ll +| Ll Ll Ll Ll :

107! 10° 10! 107 103 104

Rest-frame wavelength (um)

Figure5. Rest-frame ultraviolet-through-radio SED of HATLAS J0839

W, with new photometry from the Hyper Suprime-Cam Subarat8tyic
Program Aihara et al. 2018and fromWISE Also shown are the median
SED of ALMA-identified SMGs [dashed line] in the Ultra-Deemur8ey
field (U. Dudzewgiute et al., in prep), where the grey area is the r.m.s.
spread in SMG SEDs, and the SEDs of the Type-1 dust-rich ggiasa
APM 08279+5255, at = 3.9 (Irwin et al. 1998 Leung et al. 201pand

BR 1202-0725, atz = 4.7 (McMahon et al. 1994 Leipski et al. 201D
The SEDs have been normalised at rest-framed@0Across rest-frame

~ 0.15-30um, an order of magnitude or more in flux density separates the
SEDs of HATLAS J084933-W and the dusty Type-1 AGNs.

A number of plausible scenarios could give rise to the ob-
served configuration. We deal with three of them in what fefio

4.1 AGN seen through cavity in an unusually large disk?

Could a solution to the aforementioned conundrum be related

Hyperluminous starburst gives up its secrets/

the host galaxy irg, consistent with the observed properties and
roughly 5 mag fainter than the prediction for the AGN befoke o
scuration. We note that the apparent lack of hot dust enmigsia
problem for any model that invokes a conventional AGN torus.

If the X-ray opacity proves to be small compared to the dust
attenuation implied by the Balmer decreniénthis might indicate
that the obscuration arises from a dusty, ionised outfloim, takhat
identified byMehdipour et al(20129). Alternatively, if the AGN is
obscured predominantly by dust in the surrounding galagy the
would expect a a Seyfert-1-like [@]/Ha ratio and a normal dust-
to-gas ratio for the absorber, if we could combine measunesraf
X-ray absorption and the broad-line Balmer decrement. Widco
then calculate what fraction of the AGN power goes into mepti
the dust in the surrounding galaxy.

4.2 A second, unseen AGN?

In the absence of observations that tie down the broad-laimér
decrement, or the spatial distribution of [[Q/H B, we can spec-
ulate that the absence of significant X-ray absorption —ttogye
with rest-frame optical features consistent with a Type@NA—
may imply that the accreting SMBH is not embedded in the gas-r
starburst. This would, in turn, suggest that energy due ¢oetion
does not dominate the bolometric luminosity of HATLAS J0839
W.

113 speculated that the mutual proximity and counter-rotation
of the gas disks in components W and T might explain their un-
usual luminosities. Occam’s razor might suggest insteatl tthe
near-naked SMBH we observe towards HATLAS J084933-W —
modulo the lack of associated rest-frame UV-optical eroissi-
is associated with another galaxy involved in a merger @rau-
tion that triggered the starburst (eklison et al. 201).

HATLAS J084933-W would then be expected to contain a sec-

power of the AGN and the unusual extent of the dusty starburst °©hd SMBH, associated with the intense ongoing starburat)-pl

in the galaxy hosting it? High-resolution spectroscopi@ging

sibly an unseen Compton-thick AGN. Sadly, although neaiiby b

of component W of HATLAS J084933 has revealed molecular gas Nary AGN are occasionally revealed (e.g. in Mrk 739, at a dis-

spread across a disk that is several times larg@—7 kpc FWHM,
depending on the tracer) than the compadtpc submm contin-
uum emission more typically found in SMGs (elgarashi et al.
2015 Simpson et al. 20180teo et al. 2017&; Hodge et al. 2019
Rujopakarn et al. 20)9irrespective of the presence in those SMGs
of X-ray-detected AGN Harrison et al. 2016 Such a powerful
AGN will rapidly excavate a central cavity, perhaps with anisa-

tance of 130 Mpc, usin@€handra— Koss et al. 201}, the obser-
vational challenges associated with demonstrating theepiee of
dual or binary AGN at even modest redshifts are similar orseor
than those of identifying distant interactions and mergessere
the sensitivity and especially spatial resolution avadab X-ray
observers are rarely up to the task.

Largely because of SPIRE on tierschel Space Observa-

tion cone oriented towards the NE that can go some way towards tory (Griffinetal. 2010 Pilbratt et al. 201p and the wide-field

explaining the observed narrow-line propertleperhaps leading
to a relatively clear view of the broad-line region and déitX-ray
absorption along the line of sight through the dfsko a central
AGN. It may also be possible that there is a contribution &ogbft
X-rays from photoionised gas and scattering within thegation
cone, such that the true X-ray column is larger than that cediu
from our simple model fit.

In this scenario, the observed extinction (s i due to gas
and dust local to the AGN, i.e. its obscuring torus in the edifi

ground-based imager, SCUBA-Rdlland et al. 2018 many thou-
sands of SMGs are now known (eEples et al. 20LMliver et al.
2012 Geach etal. 2007 While only a very small fraction of
these rest-frame far-IR-selected galaxies are associatedype-

1 AGN, Knudsen et al.(2003 describe a submm-selected, in-
trinsically hyperluminous quasar, SMM J04135+10277, éehisy
the galaxy cluster Abell 478, anHlerschelled to the detec-
tion of many more (e.gMa & Yan 2015 Pitchford et al. 2016
Dong & Wu 201§. Some others have Type-2 AGN, or objects

scheme, and/or along the line of sight through the host galax Pelieved to be transitioning from Type-2 to Type-1 in the lavo
Ay ~ 2.2 corresponds to over 7 mag of extinction at 125nm, tionary scheme proposed ISanders et a(1989), e.g. the afore-
which is roughly the observegband, such that we would see only ~mentioned SMM J023990136, with its BAL quasar. Follow-up
submm detections of known optically-luminous quasars al& r
tively common (saak et al. 19942002 Ivison 1995 Omont et al.
9 The velocity offset between the narrow lines and the CO is thee to an
outflow or winds towards the observer.
10 123 and Gémez et al (2018 found disk inclinations of 56 10° and
~ 48° respectively, where Ois face-on.

11 Measuring the Balmer decrement will be relatively strafigiwrard with
H-band spectroscopy.
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19963 Priddey et al. 2003 Mainieri et al. 2005 Stacey et al.
2018 Hatziminaoglou et al. 2018amongst others). The quasars
BR 1202-0725 and BRI13350417 were amongst the first to be
detected at submm wavelengths, and were later found to e p
ically associated SMGs close bpihont et al. 1996pYun et al.
2000 Carillietal. 2002 2013 Salomé et al. 203,2Wagg et al.
2012 2014 Luetal. 2017 see alsoDecarli etal. 20182019
Venemans et al. 20)8one of which also harbours an X-ray-
luminous AGN (ono et al. 2005

It is conceivable, then, that we have found a system that con-
tains a HyLIRG, with a buried AGN, close to another more egdlv
guasar-like system. We cannot ignore the stark differeeteden
the SED of HATLAS J084933-W and those of other quasars known
to have SMG companions; however, a location in the outshirts
behind the gas-rich disk of HATLAS J084933-W may help explai
why the Type-1 AGN is not bright at rest-frame UV—opticaldmi
IR wavelengths. With sufficient separation, such a geonraight
be revealed using the spatial resolutiorCéfandrg even if it could
not be easily distinguished from our next suggestion.

4.3 An gected AGN?

In another scenario — discussed in terms of a merging galaxy
pair in the COSMOS field bCivano et al.(2012 — asymmetric
emission of gravitational radiatiofPéres 1962Bekenstein 1973
during the coalescence of two SMBHs with anti-aligned spins
(Campanelli et al. 20Q7_ousto & Zlochower 2011&) and a high
mass ratio Baker et al. 2008could have led to the ejection of the
newly formed SMBH from the site of the merger, with a relative
velocity as high as 5,000 knv$.

Such an ejected SMBH is thought unlikely to carry its narrow-
line region along with itiloeb 2007, but it could shine for 10yr as
a Type-1 AGN, and in an extremely gas-rich environment It t
in HATLAS J084933-W — spanning sevelalkpc — the AGN
would give rise to a narrow-line region as it travels.

We can further speculate that if the SMBH that we observe
in X-rays and in the rest-frame optical has been ejected tiwen
site of the merger, then the resulting lack of feedback via-po
erful AGN-driven winds (e.gMaiolino et al. 2012 Veilleux et al.
2013 2017 Cicone et al. 2014Tombesi et al. 2015— often in-
voked to regulate the growth of the stellar spheroidal camepo
of the host galaxy and the SMBH itself (dRamasawmy et al.
2019 cf. Grimmett et al. 201p— may explain the extreme na-
ture of the starburst in HATLAS J084933-W. Feedback from su-
pernovae would be left as the primary regulation mechangn,
haps enabling the object to skip quickly to the end of theeafem-
tionedSanders et akequence, from Compton-thick AGN to naked
quasar. Indeed, recent theoretical workNdgAlpine et al.(2019,
based on cosmological hydrodynamical simulations, sugdbat
galaxies atz ~ 2.5 with high L g are able to reach and maintain
large SFRs because their gas reservoirs are not depletectisr a
tion onto their central black holes, such that their blacleb@re
under-massive. It would be interesting if — in HATLAS J08393
W — we have found an extreme example of this hypothesis, with
the absence of a significantly massive black hole pushinstats
burst firmly into the HyLIRG category.

Although undeniably interesting, the associated implicadf

12 ~ 7kpc FWHM, as measured in C@ = 1-0 (13) so~ 10’ yr at the
maximum plausible velocity, or up to an order of magnitudghbr at the
measured line-of-sight velocity offset betweeesm H[N 11]and CO.

this last scenario — that SMBHs may permeate intergalaptce
— is not a topic for this paper.

5 SUMMARY AND CONCLUDING REMARKS

We report new X-ray, near-IR and submm observations of #e st
burst galaxies that comprise HATLAS J08493% at 2.4.

Our ALMA imaging confirms a more distant, fifth, dust- and
gas-rich member, E, of the HATLAS J084933 protoclusterchvig
now known to cover 15 arcsec or 120 kpc. HATLAS J084933-

E is extremely red, with an unusually broad Q0= 1-0 line; it
may be a merger or a colossal disk.

Our XMM-Newtorand KMOS imaging spectroscopy of HAT-
LAS J084933-W — the brightest of the five galaxies, a HyLIRG,
unlensed and extraordinarily luminous, even by the statwdaf
SMGs — reveal the presence of an AGN. HATLAS J084933-W
displays significant X-ray emission together with brighti[Nines
and a very broad H line; the latter impliesMp, ~ 2 x 10° M.

For such a dusty and gas-rich host galaxy, we see surpgditg|
tle intrinsic absorption towards the AGMy ~ 5 x 10?1cm™2,
likely with modest extinctionAy ~ 2. Our estimate of the bolo-
metric luminosity of the X-ray-bright AGN is commensuratéw
the far-IR luminosity of the starburst, yet we know from salt
resolved imaging spectroscopy that the system containtoaszd
gas- and dust-rich disk, with no significant temperatureligrat.
Despite the AGN'’s potential to dominate the overall powetdmnt,
it is therefore not obvious that it does so.

We outline three plausible scenarios that could give righeo
observed characteristics of HATLAS J084933-W, though #u |
of significant rest-frame UV-optical and/or mid-IR emigsire-
mains a puzzle in all of them.

Either we have a relatively clear view of the broad-line oegi
through the starbursting disk of the host galaxy, with thevgxdul
AGN having excavated a central cavity, or the AGN is not embed
ded in the starburst. In this second, prosaic option — wheee a
logues are known — we speculate that there are two SMBHs: one,
visible in X-rays, having evolved more quickly towards theked
guasar phase, in an unseen galaxy or galaxy remnant thaeligs
close to the HyLIRG; the second, buried deep within the dsisty
burst, invisible to us.

In our third scenario, the observed SMBH has been ejected
from the region experiencing the starburst, e.g. via asytmene
gravitational radiation during the coalescence of two SMB&hd
we postulate that the resulting absence of local AGN feddbway
then explain the extreme nature of the starburst.

It is clear that there is considerably more to learn about the
role and impact of the AGN or AGNs in HATLAS J084933. The in-
trinsic absorption is detected only barely and is poorlyst@ined,
so it would be interesting to determine the degree of obsicura
through which we are viewing the AGN. This could be achieved
through a combination of deeper X-ray data — to more acclyrate
measure the absorbing column and to determine whetherdhis-d
nated by reflection and/or has the strong 6.4-keV emissnanthat
usually characterises this — and through rest-frame dptipac-
troscopy to measure the Balmer decrement of the broad emissi
lines. Mid-IR spectroscopy would also be useful to helprtiaegle
the AGN/star formation contribution to the IR luminosity.

Our findings add to the growing body of evidence that pow-
erful AGN are ubiquitous amongst HyLIRGs. However, the natu
of the AGN observed in HATLAS J084933 is not at all what we
expected and we cannot easily reconcile the high bolomktric
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minosity and modest intrinsic absorption inferred from &uray
observations with the large far-IR-emitting disk and thiatfaest-
frame UV-optical-mid-IR portion of its panchromatic SED.
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