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ABSTRACT

We present IRAM/NOEMA, JCMT/SCUBA-2 and VLA observations of the most distant known
gravitationally lensed quasar J0439+1634 at z = 6.5. We detect strong dust emission, [C II] 158
pm, [C1] 369 pm, [O 1] 146 pm, CO(6-5), CO(7-6), CO(9-8), CO(10-9), HoO 312 — 221, and H,0
321 — 312 lines as well as a weak radio continuum. The strong [C II] line yields a systemic redshift
of the host galaxy to be z = 6.5188 + 0.0001. The magnification makes J0439+1634 the far-infrared
(FIR) brightest quasar at z > 6 known, with the brightest [C II] line yet detected at this redshift. The
FIR luminosity is (3.440.2)x10'3 =t L, where pu ~ 2.6 — 6.6 is the magnification of the host galaxy,
estimated based on the lensing configuration from HST imaging. We estimate the dust mass to be
(2.240.1)x10° p~! M. The CO Spectral Line Energy Distribution using four CO lines is best fit by
a two-component model of the molecular gas excitation. The estimates of molecular gas mass derived
from CO lines and atomic carbon mass are consistent, in the range of 3.9 — 8.9 x10°u~! M. The
[C1]/[C 1], [C1I]/CO, and [O I]/[C 1] line luminosity ratios suggest a photodissociation region model
with more than one component. The ratio of HoO 351 — 31 2 line luminosity to Lrir is consistent with
values in local and high redshift ultra-/hyper-luminous infrared galaxies. The VLA observations reveal
an unresolved radio continuum source, and indicate that J0439+1634 is a radio quiet quasar with R

= 0.05 - 0.17.
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1. INTRODUCTION

As the most luminous non-transient objects, quasars
at z > 6 are unique probes for the investigation of su-
permassive black holes (SMBHs) and their host galaxies
at early cosmic time. Up to date, more than 150 quasars
have been discovered at z > 6, with the highest redshift
at z = 7.54 (Banados et al. 2018). Detections of such
objects indicate the existence of up to (ten) billion Mg
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SMBHs and place the strongest constraints on SMBH-
galaxy coevolution at early epochs. A large fraction of
z > 6 quasars have been detected with significant [C11],
CO and dust emission in the rest-frame far-infrared
(FIR). The sub-millimeter /millimeter (submm/mm) ob-
servations suggest that the vast majority of the quasar
host galaxies are intensely forming stars, at rates of a
few 100 to 1000 Mg yr~! (e.g. Bertoldi et al. 2003a;
Maiolino et al. 2005; Walter et al. 2009; Wang et al.
2013; Willott et al. 2015; Venemans et al. 2016, 2017a,b;
Decarli et al. 2018; Venemans et al. 2018), supported by
large reservoirs of molecular gas, resulting in bright CO
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detections (e.g. Bertoldi et al. 2003b; Walter et al. 2003,
2004; Wang et al. 2011; Venemans et al. 2017¢).

Strong gravitational lensing provides a unique probe
of the properties of quasars and their host galaxies.
Lensing not only magnifies fluxes, but also stretches im-
ages, resulting in higher effective spatial resolution and
better separation of the central quasar and host galaxy
(Carilli et al. 2003; Peng et al. 2006; Treu 2010). Lensed
quasars at z ~ 3 and 4 have been important tools for our
understanding of interstellar medium (ISM) in high red-
shift quasar hosts (e.g., Weif et al. 2007). At higher red-
shift (z > 4.5), lensed quasars could be powerful tools to
study those distant supermassive black holes (SMBHs)
and their host galaxies that are not easily resolved by
current facilities. However, at z > 4.5, only two lensed
quasars at z ~ 4.8 (McGreer et al. 2010; More et al.
2016) were known until recently, although more than
200 quasars at z = 4 — 6.4 have been observed with HST
at 0”1 resolution (Richards et al. 2004, 2006). The lack
of high-redshift lensed quasars has been attributed to
either a reduced magnification bias due to a flat quasar
luminosity function or a strong selection effect against
lensed objects in morphology or color selection used in
high-redshift quasar surveys.

Our new wide-area z ~ 7 quasar survey (Wang et al.
2018; Yang et al. 2019) in a ~ 20,000 deg? field has dis-
covered the most distant known lensed quasar at z =
6.51, UHS J043947.08+163415.7 (hereafter J0439+41634
Fan et al. 2019, hereafter Paper I). The Mg II-based
redshift is z = 6.511 + 0.003. In Paper I, based on
our HST FR782N and FR853N imaging which has a
spatial resolution of ~ (//075, we fit a singular isother-
mal ellipsoid lensing model and obtain the best-fit three-
images lensing model of quasar. The high magnification
(Hquasar = 51.3£1.4 at optical wavelengths') makes this
quasar the brightest observed quasar at z > 6 at optical
and near-infrared wavelengths. Follow-up observations
with the James Clerk Maxwell Telescope (JCMT) indi-
cate that J0439+1634 is also the brightest far-infrared
(FIR) emitter at z > 6 (Paper I). In this paper, we
report new FIR and radio observations of J0439+1634
with the IRAM NOrthern Extended Millimeter Array
(IRAM/NOEMA), JCMT, and Karl G. Jansky Very
Large Array (VLA) and the detections of gas, dust emis-
sion, and radio continuum emission. We describe the
observations in Section 2. The high quality detections
of dust continuum and various molecular and atomic
emission lines allow detailed studies of the inter stellar

1 This magnification factor is derived from HST imaging for
the central quasar; the total magnification for the extended host
galaxy is usually significantly smaller, see Section 3.

medium in the quasar host, which are presented in Sec-
tion 3. The summary is given in Section 4. All results
below refer to a ACDM cosmology with parameters 25
=0.7, Q,, = 0.3, and Hy = 70 km s~! Mpc~'.

2. OBSERVATIONS
2.1. NOEMA Observations

We used IRAM/NOEMA to detect the [C11], CO(10-
9), CO(9-8), CO(7-6), CO(6-5), [C1] 369 um (hereafter
[C1]), [O 1] 146 pm (hereafter [O I]), and water emission
lines from quasar host through two programs in 2018
Summer and Winter. The observations were carried out
from 2018 July to December with the array in D and
C configurations, using 7-10 antennas. We used the
PloyFiX correlator which has two 7.744 GHz sidebands
separated by 7.744 GHz (centers are separated by 15.488
GHz). The NOEMA data have been reduced using the
latest version of the GILDAS? software.

For the first program in 2018 Summer, we designed
three set-ups. The CO(6-5), CO(7-6), and [C1] lines
were covered by a single setting with receiver 1 (3 mm)
tuned at 107.410 GHz. The CO(9-8), CO(10-9), H.O
31,2 — 221, and HyO 331 — 31 2 lines were observed with
receiver 2 (2 mm) tuned at 153.395 GHz. The [C1I]
line was observed in receiver 3 (1 mm) with tuning fre-
quency at 253.068 GHz. Quasars 0507+179, J0440+146
and 0446+112 were used as amplitude and phase cali-
brators. Radio sources 3C84 and 3C454.3 were observed
as bandpass calibrators. Stars MWC349 and LKHA101
were used to set the absolute flux density scale. The
total on-source integration time in the receivers 1, 2,
and 3 were 1.6, 2.8, and 1.3 hours (8 antenna equiva-
lent), respectively. The synthesized beams are 479 x 179,
371 x 2’4, and 6”2 x 3”2 in the 1 mm, 2 mm, and 3 mm
bands, respectively. The final 1 mm, 2 mm, and 3 mm
cubes reach the sensitivity of 2.2 mJy beam ™!, 0.7 mJy
beam ™!, and 0.5 mJy beam™! per 50 km s~! channel
(1-0). In the second program in 2018 Winter, the [C II]
and [O I] lines were covered by one setting with the re-
ceiver 3 (lmm) with a tuning frequency of 270.244 GHz.
The on-source integration time in this observation is 3.13
hours (9 antenna equivalent). The synthesized beam is
12 x 07 and final data cube reaches a 1.5 mJy beam ™!
per 50 km s~! sensitivity (1-0).

From the NOEMA observations, we obtained high
quality detections of the CO(6-5), CO(7-6), CO(9-8),
CO(IO*Q), [C H], [C I], [O I], HQO 3172 — 2271, and HQO
32,1 — 31,2 emission lines (see Figure 1 & 2). The dust
continuum is significantly detected in all cubes. All the

2 http://www.iram.fr/TRAMFR/GILDAS
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NOEMA detections are spatially unresolved. Measured
line fluxes and continuum flux densities are summarized
in Table 1 and Section 3. We only include statistical
errors and the systematic flux density calibration un-
certainties (of the order of ~15%) are not taken into
account.

2.2. JCMT Observations

We observed the 450 pm (observed frame, 666
GHz) and 850 pm (353 GHz) dust continuum from
J0439+1634 using the Submillimetre Common-User
Bolometer Array 2 (SCUBA-2; Holland et al. 2013)
on the JCMT in 2018 February. The observations
were carried out in Band 2 weather conditions (i.e.,
0.05 < To95¢H- < 0.008), and in "CV DAISY” mode.
The effective beam size of SCUBA-2 has a diameter
of 9/8 at 450 pum and 14”76 at 850 pm. Our target
was observed for 1.1 hours on source time (two 34 min
scans). The data were reduced using the STARLINK
SCUBA-2 pipeline for faint point sources (Chapin et al.
2013). The 1o sensitivities in 450 pym and 850 um are
29.12 mJy beam ™' and and 1.69 mJy beam ™', respec-
tively. From the JCMT observations, we obtained an
850 pum flux density of 26.20+£1.68 mJy and a 20 signal
of 65.71+£29.12 mJy at 450 pm, which is measured at
the peak flux pixel of the 850 pum detection.

2.3. VLA Observations

We observed the radio continuum emission from
J0439+1634 using VLA DDT time in S band (24
GHz) with the A configuration. The observed refer-
ence frequency of 3 GHz corresponds to the rest-frame
frequency of 22.6 GHz for this quasar. The 8-bit sam-
plers were utilized to cover the 2 GHz span of the S-band
receiver. The total telescope time was 3 hours (2.1 hours
on-source). We used J0440+1437 for complex gain cal-
ibration and 3C138 for bandpass and flux density scale
calibration. The data were reduced by the the Common
Astronomy Software Applications package (CASA) and
the VLA calibration pipeline. The synthesized beam
was 0779 x /69, and the 1o rms noise of continuum
image was 4.5 uJy beam~!. The VLA 3 GHz image
shows an unresolved radio continuum source with a flux
density of 28.9+4.5 uJy.

3. THE HOST GALAXY OF J0439+1634

The NOEMA spectra are shown in Figure 2 and all
detections are summarized in Table 1. The detections
of multi-emission lines and dust continuum at multiple
frequencies allow us to investigate the properties of gas
and dust in the host galaxy of J0439+41634. All measure-
ments of emission lines and derived properties such as

Table 1. Observed and Derived Properties of J0439+1634

R.A. (J2000) 04P39™47510
Decl. (J2000) +16°34/15"77
Ed(eisy 6.5188+0.0002
Ficry (Jykms™!) 11.740.8
FWHMcqy) (kms™1) 328.1+18.0
Foo@—s) (Jykms™1) 1.540.1
FWHMco -5y (kms™1) 266.0+15.8
Feo(r—6) (Jykms™") 1.540.1
FWHMco(7—6) (kms™!) 282.7+18.0
Foo(o—s) (Jykms™') 2.140.2
FWHMco(9—s) (kms™!) 312.5+22.4
Foo(i0-9) (Jykms™1) 1.9+0.2
FWHMco(10-9)* (kms™1) 312.5417.9
Ficr) (Jykms™1) 0.5+0.1
FWHM|cy) (kms™1) 232.0436.6
Fionp (Jykms™1) 1.4+0.3
FWHMop) (kms™1) 298.9456.1
Fu,0(312-221) (Jykms™1) 0.9£0.2
FWHMp,0(312—221)" (kms™1) 288.4442.5
Fu,0(321-312) (Jykms™1) 1.140.2
FWHMp, 0(321-312) (kms™1) 288.4+44.4
Se66 GHz (MJy) < 87.3
S353 gHz (mJy) 26.2+1.7
S271 gHz (mJy) 16.940.1
S2s55 GHz (MJy) 15.540.1
S239 gHz (mJy) 14.04:0.1
S155 aHz (MJy) 3.540.04
S139 gHz (MJy) 2.740.03
S109 GHz (MJy) 1.640.03
So3 GHz (mJy) 1.340.03
S3aqHz (1Jy) 28.944.5

e 2.6-6.6

Lrir (Lo) (3.440.2)x10'3 p—1
Lrir (Lo) (4.840.2)x 1013 ;=1
Licr (Lo) (1.240.1)x 1010 =1
Ligy Kkms™!pc?) (5.7£0.4)x 1010 ;1
Licy (Lo) (2.0£0.4)x 108 p—1

LECI] (Kkms~!pc?)
SFRTIR (M@ yrfl)
SFRic1yy (Mo yr™1)

(1.240.2) x 1010 p—1

7080 pt
1000 — 6000 118

My (Mg) (2.24:0.1)x10% p~t
Mcr (Me) (2.6+0.5)x107 p~t
Met (Mo) (3.740.3) x107p !

5.4 x1010 p—1
(3.9 - 8.9) x1010 ,—1

My, ,co (Mg)d
Mu,,c1 (Mo)*

@ We fix the FWHM of CO(10-9) line to that measured from CO(9-8)
line.

bWe fix the FWHM of H2O 33,2 — 22,1 line to that measured from

H20 32,1 — 31,2 line.

Cu is the lens magnification of host galaxy (see Section 3).
Molecular gas mass derived from the CO(1-0) luminosity, as-

suming a luminosity-to-gas mass conversion factor of a =

0.8Mg(Kkms™!pc?)~1.

€ Molecular gas mass derived from the atomic carbon mass, assuming
a carbon abundance of X[C I]= (8.443.5) x107°.
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Figure 1. The maps of lines, FIR continuum, and radio continuum emissions. The line intensity map is obtained by integrating
the continuum-subtracted data cubs over the velocity of each line. The white cross in each map denotes the position fitted from
[C11], which is consistent with the optical coordinates. The black contours in CO(6-5), CO(7-6), CO(9-8), and CO(10-9) maps
are [3, 6, 9, 12, 15, 18] xo. The contours in [C1], [O1], and H20 32,1 — 31,2 maps are [2, 3, 4, 5, 6] xo. The counters in the
map of [C11] are [5,10,15, 20, 25, 30, 35] xo. The values of ¢ in these line maps are, from upper-left (CO(6-5)) to bottom-right
([01]), 0.1, 0.1, 0.1, 0.2, 0.2, 0.2, 0.4, and 0.3 mJy kms™'. In the maps of continuum emission, the contours are [3, 6, 9, 12, 15]
xo for Ssssaus (0 = 1.7 mJy) and Sscu, (0 = 0.004 mJy ) and [10, 20, 40, 60, 80] xo for Sa7igu, (0 = 0.2 mJy). The black
dashed lines are —3 o. Here we only plot the So7icu. as a representative of dust continuum emissions detected from NOEMA
observations since all detections are spatially unresolved and the S271c1, map has the smallest beam size. The peak of Ssssciz
emission locates ~ 3" away from the optical coordinates. Considering that the beam size of S3s3gu, map is 14.6” and there is
no nearby source detected in all other FIR continuum maps, we believe that the Sss3gu, emission is all from J0439+1634.
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Figure 2. NOEMA spectra of the CO(6-5), CO(7-6), CO(9-8), CO(10-9), [C1], [Cu], [O1], H2O 31,2 — 22,1, HoO 321 — 31,2
emission lines, and the underlying continuum of J0439+1634, extracted from the peak pixel in each data cube. The bin size is
~50kms~'. The grey lines show the uncertainties of the spectra. The [C11] line is the combination of two NOEMA observations.
The red solid lines are the fits to spectra including a Gaussian profile for the emission lines plus continuum. The CO(10-9) line
is blended with HoO 3(1,2)-2(2,1). A two-Gaussian fit is used for the blended line. All measured values are reported in Table
1. These are the brightest lines observed from a z > 6 quasar host.
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gas mass, dust mass, and star formation rate (SFR) are
also listed in Table 1. The position of the quasar host
derived from the [C II] emission, R.A. = 04"39m47510
and Decl. = +16°34/15”77, is consistent with the opti-
cal location of the quasar (Paper I).

J0439+1634 is a compact lensed quasar with ~ (/2
separation, and has only been resolved in the HST im-
age with a spatial resolution of (/075 (Paper I). The
HST image was designed to image quasar’s Ly emis-
sion line. The two-orbit narrow-band imaging is rela-
tively shallow and is dominated by emission from the
central AGN. Therefore, we can only model the lensing
configuration of quasar base on HST image (see details
in Paper I). The lensing configuration of host galaxy, in
particular, the total magnification could be significantly
different since the quasar is a point source, while the host
galaxy is an extended source with unclear morphology,
inclination angle, and position angle. The source was
not spatially resolved in our NOEMA, JCMT or VLA
observations. Therefore, all measurements of intrinsic
properties of the host galaxy are made based on the sim-
ulated lensing model of host galaxy and the simulation
is based on the lensing configuration of quasar.

We use the isothermal ellipsoid lens model from Fan et
al. (2019), including uncertainties sampled with Markov
chain Monte Carlo methods. We assume the host galaxy
as an exponential disk centered on the inferred position
of the quasar. We set a grid of effective radius (0.1” to
0.25") based on the typical size of quasar host galaxies
at this redshift (Wang et al. 2013) and also assume a
range of the projected ellipticity (0.0-0.8) with random
position angles. The median magnification of the host
galaxy ranges from 2.6 to 4.9 across the grid of effective
radius and ellipticity; over the whole grid, the 95% confi-
dence interval for the magnification is 2.6-6.6. Note that
the total magnification of the host galaxy is significantly
smaller than that of the central quasar (tquasar ~ 51)
because the host galaxy is extended. For the rest of the
paper, we will use u as the magnification factor of the
host galaxy. Our forthcoming high resolution ALMA
imaging will directly resolve the host galaxy into a lensed
arc, and allow detailed lensing modelling to measure the
size and shape of the quasar host galaxy, and to derive
its magnification factor accurately.

In a lensed system, the different angular size of ex-
tended emissions from different lines or continuum (e.g.,
if the dust emission is more compact than the [C II]
emitting region) could result in differential lensing ef-
fect. Differential lensing could also distort the velocity
profile of emission lines, depending on how the kinematic
structure of the source couples with the lensing magni-
fication pattern (Rivera et al. 2018; Yang et al. 2019).
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Figure 3. FIR and radio spectral energy distribution of
J0439+1634. Black circles represent measurements from the
JCMT and NOEMA observations of the dust continuum.
The grey point with arrow denote the 3—o upper limit at
666 GHz. The blue circle is the 3 GHz detection from the
VLA, which shows the radio emission. Two grey lines are
the radio continua with different slopes, & = —0.06 (dotted)
and a = —0.9 (dashed), assuming the slope range based on
previous results of quasar J01004+-2802 (Wang et al. 2016).
The red line is the typical dust emission model with Ty =
47 K and B = 1.6 (Beelen et al. 2006). The dot-dashed lines
are models with 8 = 1.95. A series of models with different
Ty are plotted for comparison. With fixed 5 = 1.6, the best-
fitting T, is 39 £9 K, which changes to Ty = 29 + 6 K with
B =1.95.

The emission lines of J0439 from NOEMA observations
are well fitted by a single Gaussian profile except for the
blended CO(10-9) and H20 312 — 221 and the possi-
ble wings of [C II] line (see Figure 2 and Section 3.1).
Therefore, we do not include any discussion of this effect
in this paper, and until we resolve the host we assume
the same magnification of all FIR emission. The in-
trinsic properties measured in this paper, especially the
ratios between different parameters, could nevertheless
be affected by differential lensing. Giving these com-
plications, in this paper, we simply report the observed
values of quasar host galaxy properties with a common
magnification factor u.

3.1. Continuum Emission and Infrared (IR)
Luminosity

We detect dust continuum at observed frame frequen-
cies of 352.7 GHz from JCMT, and 271 GHz, 254 GHz,
239 GHz, 155 GHz, 139 GHz, 109 GHz, and 93 GHz
from NOEMA. The dust continuum from the NOEMA
observations used in this section are measured by averag-



FIR PROPERTIES OF LENSED QUASAR J0439+1634 7

ing spectra over all channels within the line free regions
in each sideband. The dust continuum is detected with
high signal-to-ratio in the NOEMA spectra, as shown in
Figure 1 and Figure 2. All flux densities are listed in
Table 1. The JCMT observation at 666.2 GHz show a
3—o upper limit.

To estimate the far-infrared (FIR, rest-frame 42.5—
122.5 pm) luminosity Lpig, total infrared (TIR, rest-
frame 8-1000 pm) luminosity Ltigr and the dust mass,
we fit the dust emission with an optically thin grey body
following the literature (e.g., Beelen et al. 2006). We fit
a set of models with different dust temperatures Ty and
fixed the emissivity index 8 = 1.6 or 1.95, as shown in
Figure 3. We take the effect of the cosmic microwave
background (CMB) on the dust emission into account
(e.g., da Cunha et al. 2013). We exclude the 666.2 GHz
upper limit for the model fitting. We obtain a best-
fit (least x?) dust temperature of T, = 39 +9 K at
fixed $=1.6, consistent with the canonical value of Ty
= 47 K (Beelen et al. 2006). If we fix the Ty to 47 K,
the best-fitting value of 5 is 1.440.2. The temperature
strongly depends on the flux densities measured near
the peak of the dust spectral energy distribution (SED).
Stronger constraints on the dust temperature require
additional photometry at higher frequency. Therefore,
we assume the Ty = 47 K and § = 1.6 for related mea-
surements. With this assumption, the luminosities de-
rived from the grey body model are Lyig = (3.4+0.2)
x10'3 =1 Lo and Lyir = (4.840.2) x1013 u=t Lg.
The derived FIR luminosity is the highest for all known
high redshift quasars (observed value before correcting
for lensing magnification).

We estimate the SFR from the L1ig based on the local
scaling relation from Murphy et al. (2011) and assum-
ing the Lrg is dominated by star formation. We obtain
an SFR of 7080 p~! Mg yr—!. Any contribution from
quasar to the IR luminosity will result in an overestima-
tion of the SFR. The dust mass based on the assumption
of dust emission model is My = 2.240.1x10° = Mg,
where the uncertainty is only from fitting. Some recent
works suggest that the relatively low metallicity galaxy
template Haro 11 could provide a better fit to the IR
SED of high redshift quasar(Lyu et al. 2016; De Rossi et
al. 2018). As a comparison, we also fit the observed data
with the Haro 11 template and a AGN template from
Lyu et al. (2016), which results in a 1.6 times higher TIR
luminosity, consistent with the systematic difference be-
tween the optically thin grey body model and Haro 11
template (De Rossi et al. 2018).

The VLA 3 GHz detection represents the rest-frame
22.6 GHz radio emission from quasar. We calculate the
radio-loudness by adopting the definition of Ra5090 =

fl”E’GHZ/fV,%oo,Z’ where the fU72500;‘ is the optical flux

density at rest frame 2500 A, measured from the NIR
spectrum of J0439+1634. The rest frame 5GHz flux
density f, gz is estimated from the VLA detection as-
suming a power-law radio continuum (f, « v®). The
radio-loudness is constrained to be R = 0.05 with a flat
continuum a = —0.06, and R = 0.17 with a steep slope
of @« = —0.9, which indicates that J0439+41634 is a ra-
dio quiet quasar. Based on the current lensing models,
if the radio emission is dominated by the quasar, the
intrinsic radio emission L, 1 4gH, Will be 1073-9-10—29
Lo Hz™! assuming a slope of & = —0.06 — —0.9. On
the other hand, based on the radio—FIR relation (Yun
et al. 2001; Wang et al. 2007), the radio emission from
host could be expected to be L, 1 agn, = 1072 Lg Hz ™!
when assuming the Lyig is dominated by star formation
and considering the scatter of the radio-FIR relation.
This result suggests that the host galaxy contributes
a significant fraction of radio emission, which could be
higher than or comparable to that from quasar. Cur-
rently, only one frequency detection of radio continuum
and the uncertain lensing configuration limit the more
detailed investigation of radio emission properties.

3.2. [CII] Emission Line

The [C II] 158 pum emission line is detected from
NOEMA observations (Figure 2) with a line peak flux
density of ~ 36 mJy, the brightest [C II] line detected
from any quasar at z 2 6 (e.g., Decarli et al. 2018). We
extract the spectrum from the peak pixel in the data
cube and fit the emission line with a Gaussian profile.
The [C 1] line tentatively shows wings that can not be
matched by a single Gaussian fit (see Figure 2). Due
to the relatively low signal-to-noise ratio (S/N) at the
wings, we adopt a single Gaussian profile as the best
fit. Future high S/N observations are needed to con-
firm and to investigate the nature of the extended wing
of [C 1I] line. The redshift measured from [C II] line
is zjcm= 6.5188+0.0002, which is slightly higher than
the Mg II -based redshift (2 = 6.511 £ 0.003), indicat-
ing a 311 kms™! blueshift of the Mg II line. This blue
shift is similar to shifts between Mg II and [C II] found
in other z > 6 quasars (e.g., several hundred kms~!;
Mazzucchelli et al. 2017; Decarli et al. 2018). We ob-
tain a line flux of Ficry = 11.7£0.8 Jykms™', and
a FWHMcp = 328.1£18.0 kms™!, corresponding to
a line luminosity of Licy = (1.24£0.1) x10'° ! L
(Lo = (5.7£0.4)x10" p~! Kkms™! pc?).

The detection of the [C II] line allows us to derive a
Liciy -based SFR. We use the SFR-Lcyy) relations for
high-redshift (z > 0.5) galaxies from De Looze et al.
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(2014):
SFRicmj/Me yr " = 3.0 x 107 (Ljcry /Lo)™ ', (1)

which has a systematic uncertainty of a factor of ~2.5.
Therefore, we obtain an observed SFRcy) of ~ 1000 —
6000 p~ 18 M yr—1, slightly lower than the SFRrR.
The [C 1] -to-FIR luminosity ratio Liciy/Lrir is (3.1-
4.1) x10~*, within the range of the Licry/Lrr distri-
bution of previously known z 2 6 quasars (Venemans et
al. 2017b; Decarli et al. 2018).

The [C 1I] line also enables us to derive the mass of
singly ionized carbon Ms+. Following Venemans et al.
(2017¢), we calculate the Mg+ using

87Tk1/§

hc3 A
1

=292 x 107'Q(Tex) 7™/ T Ligyy,  (2)

1
Mg+ /Mg =Cmc Q(Tex) 1391'2/%’( Lfcn] =

where C is the conversion between pc? and cm?, me
is the mass of a carbon atom, A=2.29 x1076 s71 is
the Einstein coefficient (Nussbaumer & Storey 1981),
Q(Tox) = 2 + 4 912/Tex s the C II partition func-
tion, Tey is the excitation temperature and LECH} is the
line luminosity in Kkms~!pc2. We also assume the
Tex 2, 100K (e.g., Meijerink et al. 2007; Venemans et al.
2017b). The derived M¢+ is (3.7 £ 0.3) x107p~! with
Texy = 100K and 3.1 x107p~ 1 if Toy = 200 K.

Although the NOEMA observations do not resolve
the source, the [C II] line could provide a constraint
on the dynamical mass to first order. In a dispersion-
dominated system, the dynamical mass can be estimated
as Mqayn = 3R[CH]O'2/2G. We adopt the velocity disper-
sion o estimated from the FWHM|cyy of Gaussian fit
to the emission line and assume a radius of the [C II]
line emitting region of Rjciy = 2.8 kpc, the mean value
of the z 2 6 quasar sample from Decarli et al. (2018),
which results in a dynamical mass of Mgy, ~ 1.9 x 1010
M. Alternatively, the [C II] emission might originate
from a thin rotating disk with an inclination angle 4
(e.g., Wang et al. 2013; Willott et al. 2015; Venemans
et al. 2016, 2017b). In this case, the dynamical mass is
computed as Mayn = Riciyy(0.75 FWHM ¢y /sin(4))? /G
(e.g., Ho 2007; Wang et al. 2013). Since we assume an
intrinsic radius Rciy) of 2.8 kpc, the host galaxy dy-
namical mass is estimated directly from the line width
here and not affected by the value of u (except for the
potential differential lensing effect) . The median value
of the inclination angle of z ~ 6 quasars is ¢ = 55°
(e.g., Wang et al. 2013; Venemans et al. 2017b). Adopt-
ing this inclination angle, we obtain Mgy, ~ 5.9 X 100
M. The lensing-corrected Mg II-based black hole mass
of J0439+1634 is 6.89 x10® Mg (Paper I). Thus, the

One-component model
25k - n(H2)=105'°cm‘3, Tkin=40K
— Two-component model

== Nuy=10*tcm~3, T;n=23K
2.0k = Nwy=10%3cm3, Tyyp=140K
B Observed

1.5

1.0p

Ico [y km s71]

0.5

0.0p il
1 2 3 4 5 6 7 8 9 10 11 12
Rotational Quantum Number ] pper

Figure 4. The COSLED of J0439+41634. Four black squares
with errors are observed data from NOEMA. The grey solid
line is the best-fit of a single LVG model, with T=40 K
and n = 10°e¢m 3. The black solid line represents the two-
component model: a “cold” component (blue dashed line)
with T =23 K and n = 10*'em ™3, and a “warm” component
(red dot-dashed line) with T = 140K and n = 10**cm 3.

Mgn/Mayn ratio is ~ 0.011 — 0.036, which is consistent
with the measurements of z 2 6 quasar sample (Decarli
et al. 2018) and higher than the typical value ~ 0.002
of local galaxies.

3.3. CO Lines and Molecular Gas Mass

With the NOEMA observations, we detect four
CO emission lines: CO(6-5), CO(7-6), CO(9-8) and
CO(10-9) (Figure 2). To measure the line luminosities,
we fit each emission line with a Gaussian profile. The
measured line fluxes and FWHMSs are summarized in
Table 1. The CO(10-9) line is blended with water va-
por emission HoO 3; 9 — 251 line. We fit the blended
line with two Gaussian components and fixed FWHMSs.
We fix the FWHM of one component to the value mea-
sured from CO(9-8) line and assume the other one to
be the same FHWM to that of HyO 321 — 312 line.
With multiple CO lines, we can investigate the physical
condition (e.g., temperature and density) of molecular
gas through the CO spectral line energy distribution
(COSLED). We fit the COSLED with large velocity
gradient (LVG) model using x2 fitting. We use the one-
dimensional non-LTE (Local Thermodynamic Equilib-
rium) radiative transfer code, RADEX, developed by
van der Tak et al. (2007). We use both a single LVG
model and a two-component model for the fitting, as
shown in Figure 4. We set the background temperature
to be the CMB temperature at z = 6.5188 of ~ 20.5 K.
The best-fit of one-component model has temperature
T = 40 K and gas density n = 10°%cm ™3, while the
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best-fit two-component model includes a “cold” compo-
nent with 7' = 23 K and n = 10*'em =3, and a “warm”
component with 7 = 140 K and n = 10*%cm 3.

The current models can be used to estimate the
CO(1-0) line luminosity and further constrain the
molecular gas mass, although the COSLED is still
uncertain due to the lack of low-J CO line. The
one-component model results in a CO(1-0) line flux
of Fooa—o) ~ 0.04 Jykms~land a line luminosity
of Lcogi—o) ~ 2.5 X 105Lg (L/coafo) ~ 5.1 x 10%°
Kkms~!pc?). The two-component model provides
Feo@—oy ~ 0.05 Jykms~tand Lcogi—o0) ~ 3.3 X 10%L¢,
(Leoagy ~ 6.7 x 10'° Kkms~!pc?). Therefore,
the [C II] -to- CO(1-0) luminosity ratios from one-
component and two-component models are 5200 and
3900, respectively. The [C II] -to-CO(1-0) luminosity
ratio of three z ~ 6 quasars given by Venemans et
al. (2017¢) is 2500-4200, and the typical value mea-
sured from local and z > 2 star forming galaxies is
~ 4100 (Stacey et al. 1991; Gullberg et al. 2015).
The [C 1] -to-CO(1-0) luminosity ratio derived from
two-component model is more consistent with these
previous measurements, although the one-component
model can not be ruled out either. We adopt the two-
component model to estimate the molecular gas mass
My, co using Mu,co = « L/CO(lfo) and assuming
the luminosity-to-gas mass conversion factor of a =
0.8My (Kkms~!pc?)~1. The molecular gas mass is es-
timated as 5.4 x10'° =1 M, consistent with the value
measured from atomic gas mass (see Table 1).

3.4. [C1] and Atomic Carbon Mass

The [C I] emission line has a line luminosity of Ljcy =
2.04£0.41 x10° p~' Lo (Ligy = 1.20£0.24x10"° p~!
Kkms~!pc?) and FWHM|cyy = 232.04+36.59 kms™!.
We can estimate the atomic carbon mass based on the
[C 1] line using the following relation between [C 1]
brightness and the mass in neutral carbon from Weif3
et al. (2003, 2005) assuming the [C I] emission is opti-
cally thin:

1
Mci/Mg = 4.566 x 10*4Q(Tex)geT2/TwL{CH, (3)

where Q(Tex) = 1 + 3¢~ T1/Tex 4 5¢=T2/Tex s the C 1
partition function, 77 = 23.6 K and T, = 62.5 K are the
energies above the ground state. We assume the exci-
tation temperature to Tex = 30K (see, e.g. Walter et
al. 2011) and obtain the atomic carbon mass of Mcp
= (2.640.5) x10” =1 M. Assuming the atomic car-
bon abundance (X[C I] = Mc1/(6M,)) to be X[C 1]
= (8.443.5) x1075, following Walter et al. (2011) and
Venemans et al. (2017c), we can estimate an indepen-
dent molecular gas of My, c1 = (3.9 — 8.9) x10'0 y—1

6
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Figure 5. Top: Line luminosity ratios of Licr/Leos—s)
(=88, yellow), Liciy/Lco—6)y (=74,  steelblue),
L[CII] /Lco(g_s) (:417 blue), L[CII]/LCO(10—9) (:42,
purple), Liciy/Licy (=24.3, red), and Loy /Licm (=0.3,
black) of J0439+1634, compared to the predictions from the
PDR model of Kaufman et al. (1999) in different conditions
of gas density n and radiation field G. Luminosities are
all in units of Lg. The dotted lines are the 1o errors of
line ratios. Bottom: The Liciy/Leo of split CO(6-5) and
CO(7-6) lines compared with the other four ratios (grey)
shown in the top panel. We split both the CO(6-5) and
CO(7-6) lines into the “warm” and “cold” components
based on the best-fit two-component model of COLSED
in Figure 4. The Licm/Lco of “warm” CO(6-5) (dark
orange) and CO(7-6) (dark blue) are consistent with the
radios of CO(9-8) and CO(10-9) at the region with higher
G and n, while the radios of the “cold” CO(6-5) (yellow)
and CO(7-6) (light blue) overlap with the Ljciy/Licr and
Lion/Licm at a region with a lower G and n.

M. This is consistent with the molecular gas mass es-
timated from CO lines derived in the previous section.

3.5. The Characteristics of the ISM
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The multiple FIR lines could place constraints on
the physical properties of the ISM in the host galaxy
through different line ratios. We compare the luminos-
ity ratios of [C II]/[C 1], [C II]/CO and [O 1]/ [C 1I] ob-
served from J0439+1634 to the predictions by the pho-
todissociation regions (PDR) model from PDR Toolbox
(Kaufman et al. 1999, 2006; Pound & Wolfire 2008). A
one-sided illuminated slab geometry is adopted in this
PDR model. In reality, assuming spherical clouds, we
would detect optical thin emission from both the front
and the back of the cloud, but only detect optically
thick emission from the front. Therefore, when we ap-
ply this model to observed data, we need to multiply
the observed optically thick line flux by two or divide
the observed optically thin emission by two to match
the model. Here we divide the optically thin [C II] line
emission by a factor of two. We also assume the fraction
of [C II] emitted from PDR is ~ 80%, considering the
dust temperature T,; and the correlations of local lumi-
nous infrared galaxies from Diaz-Santos et al. (2017).

The overlapped region of line ratios will constrain the
gas density n and the incident far-ultraviolet radiation
field G (in units of the Habing Field, Gy, 1.6 x 1073
ergs cm~2 s~1). As shown in Figure 5 (top panel), the
four ratios of Licir/Lco overlap in a region with high
radiation field ~ 10*® Gy, while the ratios of lower-.J
CO (i.e., CO(6-5) and CO(7-6)) and ratios of higher-J
CO (i.e., CO(9-8) and CO(10-9)) are overlapping with
Lion/Liciy and Liciy/Licrn separately in regions with
lower G' (~ 10® Gg). We also try to split the CO(6-5)
and CO(7-6) lines based on the best-fit two-component
model of COLSED in Figure 4, as shown in Figure 5
(Bottom panel). The “warm” components of CO(6-
5) and CO(7-6) overlap with CO(9-8) and CO(10-9)
at the region with high radiation field (~ 10° Gg) and
high density (~ 10°® ecm~3), while the “cold” compo-
nents are overlapping with the ratios of Ljor/Lici) and
Licuy/Licy at the region having lower radiation field
(~ 10% Go) and lower density (~ 10*3 cm™3). This
result could be explained by a two-component model
of CO lines, with a “cold” component dominated by
the star formation and a “warm” component from other
heating sources (e.g. AGN). However, we note that the
simplified, one-cloud models of the ISM adopted here
can be insufficient to encapsulate the full complexity
of the ISM. In addition, the magnifications of different
emission lines can introduce further complications.

3.6. Water Vapor Emission

Water vapor emission lines have been detected from
z > 3 galaxies and quasars, (e.g. van der Werf et al.
2011; Combes et al. 2012; Omont et al. 2013; Riechers

et al. 2013). However, for z > 6 quasars, only a tenta-
tive detection of two blended water emissions has been
obtained (Banados et al. 2015). From J0439+1634, two
water vapor emission lines, HoO 312 — 227 and HyO
32,1 — 31,2, are detected from the NOEMA observations
with high S/N (see Figure 2). This is the first high qual-
ity detection of multiple water vapor emission lines from
quasar host galaxy at z = 6.5.

A tight correlation between submm H»O lines (Ly,0)
and total infrared luminosity (Lrir) has been found
in local and high redshift infrared galaxies (Yang et
al. 2013, 2016), although the relation between submm
H50 emission and AGN activity is still unclear. Yang
et al. (2016) suggested a correlation between HyO
32,1 — 31,2 line luminosity and total infrared luminos-
ity as Lp,0/(107Le) = (Lrir/(10'2Lg)) 004022 " g
ing a sample of local ultra-luminous infrared galaxies
(ULIRGS) and high-redshift (z ~ 2 —4 ) ULIRGS
or hyper-luminous infrared galaxies. The luminos-
ity of HoO 321 — 312 detected of J0439+41634 is
7.441.4 x 1084~ 'Ls. The ratio of Ly,0/Ltr follows
the observed relation within scatter, as shown in Figure
6.

Previous studies (van der Werf et al. 2011; Yang et
al. 2013, 2016) also show that strong-AGN-dominated
sources may have smaller average ratios than those in
star-forming-dominated galaxies. This could be ex-
plained by the very warm dust heated by the AGN. The
higher dust temperature yields a higher IR luminosity,
with only a modest increase in the rate of > 75 um
photons which dominates the excitation of J < 3 HyO
emission lines (Kirkpatrick et al. 2015; Yang et al. 2016).
The LH20(3217312)/LTIR ratio of J0439+1634 is 15.4
%1079, slightly above the value based on the correlation
of Hy/ULIRGS as shown in Figure 6 and higher than
the mean values of both local AGN-dominated sources
(6.7x107°) and local star-forming-dominated galaxies
(10.8 x1079) from Yang et al. (2016), which could in-
dicate a significant contribution from star formation to
the IR radiation of J0439+1634.

4. SUMMARY

We report FIR and radio observations of the gravita-
tionally lensed quasar J0439+1634 at z = 6.5. Observa-
tions from NOEMA and JCMT have detected its dust
continuum emission, multiple CO, [C 1], [C 1I], [O 1],
and water vapor emission lines with very high qual-
ity. Their properties make the host of J0439+1634 the
brightest quasar host known at high redshift in the FIR.
The VLA 3 GHz imaging detects the radio continuum
of J0439+1634 at rest frame 22.6 GHz. All these obser-
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Figure 6. The luminosities of HoO 32,1 — 31,2 line and
IR compared with the correlation (grey line) between Lir
and Lu,0321-312 of local ULIRGs (black squares) and high-
redshift Hy /ULIRGs (blue squares) form Yang et al. (2013)
and Yang et al. (2016). The two green squares are sources
excluded from correlation fitting in Yang et al. (2016) due to
heavy AGN contamination. We plot them here for compari-
son. The red open square represent the Ligr and Lu,0321—312
before the magnification correction (observed), while the or-
ange squares and dashed line denote the intrinsic Lir and
Li,0321-312 assuming the pnost is 2.6 — 6.6. As shown,
J0439+4-1634 is following this correlation.

vations are spatially unresolved. The main results based
on these observations are summarized as following.

e Based on multi-frequency continuum emission
detected from NOEMA and JCMT, we model
J0439+4-1634’s dust emission and estimate its FIR
luminosity of Lpr = (3.440.2)x10'3 pu=! Ly
with 4 = 2.6-6.6, TIR luminosity of Ltig =
(4.840.2)x10** p=! Lo, SFRrr = 7080 p!
Mg yr—t, and dust mass of My = (2.240.1)x10°
/,Lil M@.

e The [C 1I] line detected of J0439+1634 is the
brightest [C II] line detected from z > 6 source,
with a peak flux density of ~ 36 mJy and line lu-
minosity of Licyy = (1.240.1) x10° p=! L.
The [C 1I] line also provides en estimates of
L[CII] -based SFR, SFR[CH} = 1000 — 6000 M_l'ls
Mg yr~tand the mass of singly ionized carbon,
Mg+ = (3.74£0.3) x10"u~! Mg. The [C 11 line
also allows us to constrain its dynamical mass to
first order.

e With the four CO lines, CO(6-5), CO(7-6),
CO(9-8), and CO(10-9), we model the COSLED
of J0439+41634 with a LVG model and find that
a two-component excitation model is needed to

explain the observations of its molecular gas, al-
though the constrain still has large uncertainty
due to the lack of low-J and very high-J emis-
sion lines. Using the two-component model, we
estimate the CO(1-0) line luminosity and further
constrain the molecular gas mass to be M, co =
5.4 x1010 =1 Mg,

e The [CI] line in J0439+1634 allows us to estimate
the atomic carbon mass of Mcy = (2.64:0.5)x 107
p~t Mgand offers an independent constraint on
the molecular gas mass, M, c1 = (3.9 - 8.9)
%1010 ;=1 M. We find that the molecular gas
masses of J0439+1634 derived from CO(1-0) lu-
minosity and atomic carbon mass are consistent.

e The line luminosity ratios between [C 1I], [C 1],
CO, and [O 1] places a first constraint on the ra-
diation field and gas density of ISM in the host
galaxy of J0439+1634. Comparing with the the
predicted luminosity ratios from the PDR model
of Kaufman et al. (1999), to explain the result of
J0439+1634, a PDR model including more than
one component is required.

e The Ly,0(3,,-3,.)/LTir luminosity ratio of
J0439+1634 follows the Lz 0(3,, 3, 2)~LTIR COI-
relation of ULIRGS and is higher than the mean
value of AGN-dominated sources, probably sug-
gesting a signification contribution from star-
formation to FIR luminosity.

e The VLA 3 GHz observations indicate that
J0439+1634 is a radio quiet quasar with radio
loudness R = 0.05 — 0.17.

Future high resolution ALMA observations of J0439+1634

will fully resolve the [C II] and dust continuum emission
of the quasar host galaxy and will refine the lensing
model, allowing accurate measurements of the host dy-
namical mass and star formation surface density. Fur-
ther high resolution imaging of multiple-J CO emissions
could spatially resolve the excitation condition of the
molecular gas. In addition, future observations of mul-
tiple fine structure lines (e.g., [O 1], [OIII], [NII]) and
molecular emissions (e.g., low- and high-J CO, HCN)
will provide detailed measurements of ISM properties
such as excitations and metallicities in the host galaxy
of J0439+1634.
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