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Abstract

We present observations using the Northern Extended Millimetre Array (NOEMA) of CO and H,O emission lines
and the underlying dust continuum in two quasars at z ~ 6, i.e., P215—16 at z =5.78 and J1429+4-5447 at z = 6.18.
Notably, among all published CO spectral line energy distributions (SLEDs) of quasars at z ~ 6, the two systems
reveal the highest and the lowest CO levels of excitation, respectively. Our radiative transfer modeling of the CO
SLED of P215—16 suggests that the molecular gas heated by active galactic nuclei could be a plausible origin for
the high CO excitation. For J1429+5447, we obtain the first well-sampled CO SLED (from transitions from 2—1
to 10—9) of a radio-loud quasar at z > 6. Analysis of the CO SLED suggests that a component from a single
photodissociation region could explain the CO excitation in the radio-loud quasar J1429+4-5447. This work
highlights the utility of the CO SLED in uncovering the properties of the interstellar medium in these young
quasar—starburst systems at the highest redshift. The diversity of the CO SLEDs reveals the complexities in gas
conditions and excitation mechanisms at their early evolutionary stage.

Unified Astronomy Thesaurus concepts: Submillimeter astronomy (1647); AGN host galaxies (2017); Molecular
gas (1073); Early universe (435)

1. Introduction

Active star formation has been detected in the host galaxies
of quasars from the local to the distant Universe, revealing
coevolution of the supermassive black holes (SMBHs) and
galaxies (e.g., Kormendy & Ho 2013; Wang et al. 2013, 2016;
Willott et al. 2015; Venemans et al. 2016; Decarli et al. 2017;
Pensabene et al. 2020). The cold (~100 K) interstellar medium
(ISM) in the quasar host galaxies fuels both the active galactic
nucleus (AGN) and the nuclear star formation. Observations of
the molecular and atomic lines at submillimeter/millimeter
wavelengths provide rich information about the physical
conditions and heating power of the cold ISM, which are the
keys to understanding the evolution of the young quasar hosts
(e.g., Wang et al. 2011, 2013, 2016; Decarli et al. 2017,
2018, 2023; Venemans et al. 2018; Shao et al. 2019, 2022;
Li et al. 2020a, 2020b; Meyer et al. 2022).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The CO molecule, as the second most abundant species of
the molecular ISM, gives the brightest molecular line emission
in the (sub)millimeter regime. The CO spectral line energy
distributions (SLEDs), i.e., the CO line fluxes as a function of
rotational transition quantum number J, are sensitive diagnos-
tics of the physical properties of the molecular gas (e.g.,
temperature, density, and radiation field strength). The low-J
(J < 3) CO emission lines directly constrain the total molecular
gas mass of galaxies (e.g., Walter et al. 2003; Riechers et al.
2006, 2011; Wang et al. 2011; Shao et al. 2019; Ramos
Almeida et al. 2022; Montoya Arroyave et al. 2023). Low-J
CO lines are found to be sublinearly correlated with far-infrared
(FIR) luminosity (e.g., Riechers et al. 2006; Riechers 2011;
Kamenetzky et al. 2016). The mid-J (4 <J < 8) CO lines are
reported to be linearly correlated with FIR luminosity (e.g.,
Greve et al. 2014; Lu et al. 2014; Liu et al. 2015; Kamenetzky
et al. 2016), which is consistent with the gas heated by the far-
ultraviolet (FUV; 6eV < hr < 13.6 eV) photons from young
massive stars (Carilli & Walter 2013). The high-J (J/ > 9) CO
lines require high temperature and density to be excited, and
processes such as X-ray (~1-100 keV) heating from the AGN,
mechanical heating from shocks, and cosmic-ray heating are
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frequently proposed to explain their excitation (e.g., Weil} et al.
2007; Spinoglio et al. 2012; Meijerink & Kristensen 2013; Li
et al. 2020b). Thus, the CO SLEDs also serve as probes for
discriminating between different gas heating scenarios (Meijer-
ink & Spaans 2005; Meijerink et al. 2007; Spaans 2008), e.g.,
the photodissociation region (PDR), where the gas is heated by
the FUV photons from young massive stars and the AGN-
heated X-ray-dominated region (XDR).

Searching for direct evidence of the influence of the AGN
activity on the ISM excitation is observationally challenging
even in well-studied local/low-z samples. Valentino et al.
(2021) find that for a sample of normal z ~ 1-1.7 galaxies
that host AGNs, marginal correlations have been found
between the presence and strength of AGNs and the CO
excitation on galactic scales. On nuclear scales of 250 pc,
Esposito et al. (2022) report weak correlations between the
CO excitation and either the X-ray or FUV flux in a sample of
35 local active galaxies, which suggests that neither the
AGNSs nor star formation has a dominant effect on the gas
excitation in the centers of these galaxies. Studies of CO
SLEDs of individual local AGN host galaxies suggest a mix
of a PDR component that contributes to the low- to mid-J CO
fluxes and an XDR that dominates the high-J CO emission
(e.g., van der Werf et al. 2010; Spinoglio et al. 2012; Pozzi
et al. 2017; Mingozzi et al. 2018). Other mechanisms, such as
mechanical heating by shocks, dense PDRs, and cosmic-ray
heating, are also reported to dominate the high-/ CO
excitation in some local AGN hosts and starburst galaxies
(e.g., van der Werf et al. 2010; Spinoglio et al. 2012;
Pellegrini et al. 2013).

Luminous quasars at high z represent the most luminous
AGN:ss across redshifts. They are reported to be responsible for
their high CO excitation at high J. The lensed quasar APM
08279 at z = 3.9 is currently the highest excited CO SLED ever
published across redshifts. Its CO emission is detected within
the central ~550 pc scale (Riechers et al. 2009), and the high
CO excitation is best explained by the X-ray heating from the
AGN (Weill et al. 2007; Bradford et al. 2011). Another
example is the Cloverleaf quasar at z = 2.6, for which the CO
SLED is best fitted with a combination of a PDR and an XDR
component (Uzgil et al. 2016).

Observations of quasars at z~6 from optical to (sub)
millimeter wavelengths reveal that ~1/3 of them reside in
extremely active environments with rapid SMBH accretion at
rates of Mgy > 10 M, yr ' and intense star formation at rates
up to a few times 1000 M, yr~ ' in the host galaxy (e.g., Wang
et al. 2008; Carilli & Walter 2013; De Rosa et al. 2014,
Venemans et al. 2020). In such systems, both the star formation
and the SMBH activity lead to the injection of vast amounts of
energy into the ISM of the host galaxy, making its ISM an ideal
target in which to study the early coevolution between the
SMBHs and their host galaxies. Well-sampled CO SLEDs
(with at least four transitions detected) have been obtained for
five quasars at z ~ 6 (Bertoldi et al. 2003; Walter et al. 2003;
Riechers et al. 2009; Gallerani et al. 2014; Carniani et al. 2019;
Wang et al. 2019; Yang et al. 2019; Li et al. 2020b; Pensabene
et al. 2021). Notably, all of them show highly excited CO
SLEDs with much brighter high-J/ CO lines than that of the
local starburst galaxies and AGNs, suggesting that the high-J
CO emission is likely dominated by an XDR component
(Gallerani et al. 2014; Wang et al. 2019; Yang et al. 2019; Li
et al. 2020b; Pensabene et al. 2021). However, the shapes of
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the CO SLEDs vary from object to object. For example, the CO
SLED of J0100+2802 is double-peaked, suggesting more than
one gas component (Wang et al. 2019). In contrast, the CO
SLED of J2310+41855 reveals one dominant gas component for
the mid- and high-J CO transitions (Li et al. 2020b).

In this paper, we use the Northern Extended Millimeter
Array (NOEMA) operated by the Institut de Radioastronomie
Millimétrique IRAM) to sample the CO SLEDs of the quasar
P215—16 at z=15.78 and the quasar J1429+5447 at z =6.18,
each with at least five transitions ranging from CO(5-4) to
CO(10-9). P215—16 is among the optically brightest quasars at
7~ 6, first identified in the Pan-STARRS1 survey (Morganson
et al. 2012). It is also the source with the brightest 450 and
850 pum flux densities in our SCUBA 2 High Redshift Bright
Quasar Survey (SHERRY) of 5.6 < z < 6.9 quasars (Li et al.
2020). J1429+4-5447 is among the most distant radio-loud
quasars at z > 6 and was discovered in the Canadian—French—
Hawaii Quasar Survey (Willott et al. 2010). It is also among the
most X-ray-luminous quasars observed by eROSITA (Medve-
dev et al. 2020; Khorunzhev et al. 2021; Migliori et al. 2023),
and the second (sub)millimeter brightest and the [CII]sg,m
brightest radio-loud quasar published at z > 6 (Khusanova et al.
2022).

The structure of this paper is as follows. We describe
observations and data reduction in Section 2 and observational
results in Section 3. In Section 4, we derive the physical
conditions of the dust and the gaseous ISM using dust spectral
energy distribution models and radiative transfer models,
respectively. Discussions of the gas properties and comparison
with other galaxy samples are presented in Section 5. We adopt
a flat ACDM cosmology model with Hy=70kms ' Mpc~'
and ,,=0.3, so that 1” corresponds to 5.8 and 5.6kpc at
z=>5.78 and z = 6.18, respectively.

2. Observations and Data Reduction

We obtained NOEMA 3 and 2mm observations of the
quasars P215—16 at z=15.78 and J14294-5447 at 7 =6.18,
targeting the CO(5—4), CO(6-5), CO(7-6), CO(8-7), CO(9-8),
CO(10-9), OH'(1,-0,), [C1](2-1), H,0(31,—2,;), and
H,0(3,,—3;,) emission lines, together with the underlying
dust continuum emission. The observations were carried out in
three separate projects (program ID: WOC3, WI8EE, and
S20CW), starting on 2012 December 24 and finishing on 2020
December 27, a period where the number of antennas increased
from 6 to 11.

We used three separate executions in the compact C/D array
configurations to observe the CO(5—4), CO(6-5), CO(8-7),
CO(9-8), CO(10-9), OH'(1,-0,), H,0(B1,—2,;), and
H,0(3,;—31,) emission lines, as well as the dust continuum
emission of the quasar P215—16. Observations of the CO(5-4)
and CO(6-5) emission lines were performed with an on-source
time of 2.3 hr. We tuned the PolyFix correlator to cover the
CO(5-4) line in the lower sideband (LSB) and the CO(6-5)
line in the upper sideband (USB), each with a 7.744 GHz
bandwidth. The CO(8-7), CO(9-8), and OH*(1,—0,) lines
were observed in one frequency setup for 1.9 hr on source, with
the CO(8-7) and CO(9-8) /OH+(11—01) lines observed in the
LSB and USB, respectively. We simultaneously observed the
CO(9—8), CO(10—9), OH+(1 1 —0]), H20(312—221), and
H,0(3,,—3,) lines with one tuning for 1.7 hr on source, with
the CO(9-8) and OH'(1,—0,) covered in the LSB and the
CO(10-9), H,O@312—251), and H,O(3,;—3,) lines covered in
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Table 1
Measured Emission Line and Continuum Properties

Li et al.

Source Line Vyest z FWHM S év Luminosity Beam Size Channel Width
(GHz) (kms")  dykms )  (x10°Ly) (kms™h
QY (@) 3) “ 5) (6) ) (®) ©)
P215-16 CO(5-4) 576.268 5.7831 £0.0006 444 + 63 0.90 £0.17 24+0.5 5”74 x 1773, PA = 5° 56
CO(6-5) 691.473 5.7837 £0.0004 404 £ 42 1.01 £0.14 33+05 4782 x 1”45, PA = 4° 46
CO(8-7) 921.800 5.7834 £ 0.0003 443 + 39 1.54 £0.18 6.7 +0.8 4745 x 0792, PA = §° 70
OH"(1,-0,) 1033.118 5.7824 503 <0.57 <2.7 3714 x 1709, PA = 5° 78
CO(9-8) 1036.912 5.7824 £ 0.0004 503 + 37 1.93 £0.19 94 +£09 3714 x 1709, PA = 5° 78
CO(10-9) 1151.985 5.7824 491 + 41 2.00 £ 0.24 10.8 £3.6 4741 x 1709, PA = 6° 71
H,0(31,—251) 1153.127 5.7824 491 + 41 042 +£0.18 22+09 4741 x 1709, PA = 6° 71
H,0(351—312) 1162912 5.7824 491 + 41 1.32+£0.18 72+£20 4741 x 1709, PA = 6° 71
J1429-+5447 CO(5-4) 576.268 6.1824 £ 0.0005 267 +£50  0.39+£0.09 1.2+03 6”32 x 5”11, PA = 46° 75
CO(6-5) 691.473 6.1841 £ 0.0007 372+ 70  0.53+£0.13 1.9+0.5 5”33 x 433, PA = 48° 62
CO(7-6) 806.652 6.1841 372 0.48 £0.10 20+04 2745 x 2714, PA = 38° 62
[C1](2-1) 809.342 6.1841 372 <0.31 <13 2745 x 2714, PA = 38° 62
OH"(1,-0,) 1033.118 6.1860 271 <0.21 <1.1 3785 x 271, PA = 51° 50
CO(9-8) 1036.912 6.1860 £ 0.0012 271 £ 69 0.29 + 0.07 1.3+04 3785 x 271, PA = 51° 50
CO(10-9) 1151.985 6.1860 313+ 119  0.21 £0.06 1.2+03 3749 x 2744, PA = 51° 45
H,0(31,—251) 1153.127 6.1860 313 <0.18 < 1.1 3749 x 2744, PA = 51° 45
H,0(3,1—312) 1162912 6.1860 313+ 119  0.15 4+ 0.06 09+03 3749 x 2744, PA = 51° 45
Dust continuum properties
P215-16 1142945447
Veont Flux density rms Ref Veont Flux density rms Ref
(GHz) (mly) (1y beam ™) (GHz) (mJy) (tJy beam™")
10 an 12) 13) a4 as) 16) an
83.2 0.21 £0.02 21 [1] 82.2 0.15+£0.02 19 [1]
98.6 0.27 +0.02 20 [1] 98.4 0.09 £+ 0.02 20 [1]
138.3 1.38 £0.03 29 [1] 112.4 0.34 £ 0.05 52 [1]
153.2 1.84 £0.03 33 [1] 144.2 0.32 £0.02 23 [1]
168.4 2.37 £0.05 48 [1] 159.8 0.41 £0.04 35 [1]
352.7 16.85 £ 1.10 [2] 14 2.68 +£0.16 [3]
666.2 26.93 £7.78 [2] 3 1.81 £0.11 [4]
32 0.26 +0.02 [5]
250 3.05+£0.11 [6]

Note. Columns (1), (2): source name and line ID. Columns (3)—(7): line rest frequency, redshift, line width in FWHM, flux, and luminosity. Columns (8), (9): beam
size and channel width. Columns (10)—(13) and (14)-(17): continuum frequency/wavelength, flux, rms noise, and references for P215—16 and J1429+5447,
respectively. References: [1] this work, [2] Li et al. (2020), [3] Villarreal Herndndez & Andernach (2018), [4] Becker et al. (1995), [5] Wang et al. (2011), [6]

Khusanova et al. (2022).

the USB. The flux calibrator was MWC 349 and the phase/
amplitude calibrators were 1334-127, 1437-153, 1406-076, and
1435-218.

As for the quasar J1429+5447, we used three separate
executions to cover the CO(5—4), CO(6-5), CO(7-6), [CI]
(2-1), CO(9-8), OH*(1,-0,), CO(10-9), H,0O(3,5,—25;), and
H,0(3,,—3;,) emission lines and the underlying continuum
emission. The CO(5—4) and the CO(6-5) lines were covered in
the LSB and USB, respectively, with one frequency setup, for
an on-source time of 3.2hr. The CO(9-8), OH'(1,—-0,),
CO(10—9), H20(312*221), and H20(321*312) emission lines
were observed simultaneously in one tuning in the 2 mm band
for 2.1 hr on source. Observations of the CO(7-6) and [CI]
(2-1) lines were conducted in one frequency setup for 2.2 hr on
source. We observed the continuum emission using all line-free
channels in the USBs and LSBs in each observation. For all the
observations, 14184546 was used as phase/amplitude cali-
brator. The fluxes were calibrated with MWC 349, 2010-+723,
and 3C 273. The typical calibration uncertainty is <10% in
Band 1 and <15% in Band 2.

We reduced the data using the CLIC and MAPPING
packages that are part of the Grenoble Image and Line Data
Analysis  System (GILDAS) software (Guilloteau &
Lucas 2000). We obtained the continuum uv tables by
averaging all the line-free channels using the UV_AVERAGE
task in MAPPING. To generate the continuum-subtracted
spectral line uv tables, we adopted the continuum uv table
obtained above as a continuum model, and used the
UV_SUBTRACT task to subtract it from the original uv
tables. The uv tables of the spectral lines and the continuum
were cleaned and imaged with natural weighting to maximize
the signal-to-noise ratio (S/N) for a point source. The host
galaxies are spatially unresolved in beam sizes of ~3"-
6" x 1"-2" for P215—16 and 2"-7" x 2"-5" for J1429+5447.
The spectra were finally binned to 46-78 kms ™' for the quasar
P215—16 and 45-75kms ' for the quasar J1429+4-5447. The
rms noise for the continuum emission in all bands is
0.02-0.05 mJy beam ' for both sources. Detailed information
on the targeted lines and derived parameters can be found in
Table 1.
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Figure 1. Spectra of the CO, H,O, OH"(1,—0,), and [C 1](2-1) lines for P215—16 (left) and J1429-+5447 (right). The continuum emission has been subtracted for
each of the spectra. The data are shown as yellow histograms. Gaussian profiles fitted to the line emission are shown as solid or dashed lines. The expected positions of
the undetected lines are indicated as dashed blue vertical lines. In the spectra where more than one line is detected, the solid black lines represent the sum of different

Gaussian components.

3. Results

We detect the CO(54), CO(6-5), CO(B-7), CO(9-R),
CO(10-9), and the H,O(3,,—3,) lines from the host galaxy of
P215—16 at S/N > 5, and report a nondetection of the
OH"(1,—0,) line (Figure 1). A tentative detection (~2.30) of the
H>O@31,—25;) line blended with the CO(10-9) line is also

obtained for this object. The continuum emission is detected at
S/N > 10 in all the observed bands (Table 1). We extract the
spectra from the peak pixels and fit the spectra of CO(5-4),
CO(6-5), CO(8-7), and CO(9-8) lines separately, each with a
Gaussian profile. The redshifts and line widths derived for
different CO lines are consistent with each other within the
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uncertainties. The CO(10—9), H20(312—221), and H20(321—312)
lines are covered in the same sideband. We fit these three lines
simultaneously, using a Gaussian model, with the line centers
fixed to the redshift derived from the CO(9-8) line and an
identical line width for all of the three spectral lines (assuming that
these three lines originate from the same gas component). The
spectra and the Gaussian fitting results are shown in Figure 1.
Adopting the line width of the CO(9-8) line, we obtain a velocity-
integrated map centered at the OH"(1,—0,) line frequency and
measure the 30 detection upper limit for the OH'(1,—0;) line.
The measurements for both spectral lines and dust continuum are
presented in Table 1.

For the quasar J1429+4-5447, we detect the CO(5-4),
CO(6-5), CO(7-6), and CO(9-8) lines at S/N > 4, and
tentatively detect the CO(10-9) and H,O(3,,—3,) lines at the
350 and 2.50 levels, respectively. The [CI](2-1),
H,0(3,,—2,,), and OHT(1,—0;) lines are undetected
(Figure 1). The CO lines detected in J1429+5447 have lower
S/N than those detected in P215—16. The S/N of the CO(7-6)
line spectrum is low. We fix the Gaussian line width and
redshift to that of the CO(6-5) line and fit the line flux. The
resulting line widths, redshifts, fluxes, and continuum fluxes
are listed in Table 1. The 30 upper limits of the [CI](2-1),
OH'(1,-0,), and H,O(3;,—2,;) lines are estimated based on
the rms of the moment 0 maps, which are integrated over
channels expected for these lines assuming the same line
widths and redshifts as those of their neighboring CO lines. The
derived redshifts and line widths of the CO lines are consistent
with each other within the uncertainties. These are also
consistent with the fitting results of the W component of the
CO(2-1) line (the western peak that coincides with the optical
quasar) reported in Wang et al. (2011). The continuum
emissions are all detected at a >4¢ level. More details about
the measured dust and spectral line properties are listed in
Table 1.

4. Dust and Gas Properties
4.1. Dust SED Fitting

To derive the dust properties of the two quasars, we analyze
their dust spectral energy distributions (SEDs). An optically
thick dust model has been suggested to explain the dust
emission in a few high-z starburst systems, especially at rest-
frame wavelengths <200 pm (e.g., Riechers et al. 2013; Wang
et al. 2019). Since the quasars in this work are all far-infrared
bright sources, it is reasonable to consider that the dust can be
optically thick close to the peak of the dust SED. We thus
employ the general opacity dust formula published in da Cunha
et al. (2021) to fit the dust SEDs of the quasars in this work. In
the general opacity regime, the dust emission can be described
by

Su X [1 - eXP(*TI/)] (Bl/[Tdust(Z)] - B;/[TCMB(Z)])’ (1)

taking into account the effect of the cosmic microwave
background (CMB). Here B, [T4qus(2)] or B, [Tcmp(2)] is the
Planck function at the temperature of the dust or CMB at the
quasar’s redshift, and the dust optical depth 7, is proportional
to the dust surface density Xq,¢ via

T, = Kuzduslv (2)

Li et al.

where k,, is the dust opacity. Its dependence on frequency is

It}
Ky = no(i) , 3)
V0

where ( is the dust emissivity index and k is the emissivity of
dust grains per unit mass at frequency v,. If we assume a
simple spherical geometry, then the dust mass is

Mays = 47TR22dust’ 4

where R is the dust radius of a galaxy. In da Cunha et al.
(2021), an additional parameter Ap;cx is introduced, which is
defined when the optical depth reaches 1,

T)\lhick - 1 = )\[hick

Mdust )1//3
= Mol k .
()( 0 47TR2

Accordingly, the dust emission can be rewritten as

o [l (224

X (Bu[nusl(z)] - Bl/[TCMB(Z)])’ (6)

where c is the speed of light.

Complemented with SCUBA 2 observations of the dust
continuum at 450 ym (666.2 GHz) and 850 ym (352.7 GHz)
from Li et al. (2020), we use the general opacity model
(Equation (6)) to fit the observed dust SED of P215-16,
normalized to the continuum flux density at 666.2 GHz. Under
the general opacity assumption, the dust SED is determined by
three parameters, namely Tqug, B, and Apick- We consider three
different dust models. To break the degeneracy between
different parameters in dust SED fitting, we fix Agcx to (1)
the average value for submillimeter galaxies (SMGs; Ak =
100 pm; da Cunha et al. 2021; Model 1), and (2) the average
value for QSOs at z~ 6 (Apick = 264 pum; derived from Gilli
et al. 2022; Model 2), while enabling T4, and ( to vary in
these two models. In a third model, we enable all three
parameters Agick, Taust and (3 to vary (Model 3). To explore the
posterior distributions of the parameters, we use the Markov
Chain Monte Carlo (MCMC) Python package emcee to fit the
data to the model (Foreman-Mackey et al. 2013), adopting the
best-fit values obtained for the least-squares estimation as
educated initial guesses of the parameters.

The inclusion of the high-frequency SCUBA 2 observations
is critical in constraining the dust SED parameters for P215
—16. The least-squares estimation finds best-fit values of
Tause =48 K and 3=2.05 for Model 1, T4, =111K and
3=2.62 for Model 2, and Tg4,,=80K, ($=2.33, and
Athick = 199 pm for Model 3. In some studies, Tgug, (O, and
T1900 GH are adopted to describe the general opacity dust SED
model (e.g., Walter et al. 2022; Decarli et al. 2023), where
T1900 GH 1S the dust optical depth at 1900 GHz. The derived
Athick Values for our model translate into 71909 gu,, of 0.39, 3.84,
and 1.71 for Models 1, 2, and 3, respectively, which is
consistent with values derived for other quasars at z~6
(Walter et al. 2022; Decarli et al. 2023). By using the MCMC
method, we obtain fitting results of Ty, = SOfg K and
=199 Tue=116"15K and 4=253703, and
Tyt = 10874 K, 8 = 2491037, and Apiex = 252727 um for

&)
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Figure 2. (a) Dust SED fitting results for P215—16. The data are shown as black squares. The top and bottom axes show the observed and rest continuum frequencies.
The dust SED is fitted with three general opacity models, and the solid lines represent the models with best-fit values (see Section 4.1 for further details). (b)—(d)
Posterior distributions of the model parameters for Model 3, 1, and 2, with the same color as the best-fit models in (a). The 2D contours show the [1, 2]o confidence

intervals in the marginalized distributions.

Models 1, 2, and 3, respectively (see Figure 2). The derived
dust temperature and emissivity index are in agreement with
results obtained for other quasars at z~ 6 when adopting an
optically thick assumption (e.g., Wang et al. 2019; Pensabene
et al. 2022), as well as results obtained from 3D radiative
transfer calculations (Di Mascia et al. 2021). The resulting
infrared (IR, 8 um—1000um) luminosities (Lg) are
1.807039 x 108 L., 4611032 x 103 L., and 2.707549 x
10'3 L, for the three models, respectively. If we adopt the

previously widely used optically thin modified blackbody dust
model for z~ 6 quasars with parameters of T4,y =47 K and
[ =1.6 (Beelen et al. 2006), the derived infrared luminosity is
1.9 x 103 L, which is close to the result of Model 1.
J1429+4-5447 is a radio-loud quasar, so we also include a
power-law radio emission component f,, v, with a power-
law index of « to fit the data in addition to the thermal dust
SED model (Equation (6)). Besides the continuum emission
detected in this paper, we include published continuum data at
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1.4 and 3GHz from the Very Large Array Sky Survey
(VLASS) and Faint Images of the Radio Sky at Twenty
Centimeters (FIRST; Becker et al. 1995; Villarreal Herndndez
& Andernach 2018), and at 32 and 250 GHz obtained using the
Karl Jansky Very Large Array (VLA) and NOEMA (Wang
et al. 2011; Khusanova et al. 2022), respectively. The
observational data cannot constrain all the model parameters
for the radio power-law + general opacity model. We thus fix
Athick = 100 pm (typical of SMGs) and explore two cases with
different assumptions for Ty, namely, 50 K (Model 1) and
100 K (Model 2), representing typical “cold” and “warm” dust,
respectively.'’

The least-squares estimation suggests best-fit values of
a=-0.76 and §=2.95 for Model 1, and = —0.76 and
(3 ="2.66 for Model 2. The resulting values of 719g gy, are 0.26
and 0.30 for Models 1 and 2, respectively, which are consistent
with values derived for other quasars at z~ 6 (Walter et al.
2022; Decarli et al. 2023). The MCMC method finds
B =3.02703 and a = —0.76793%, and 3= 2.74703% and
a = —0.7633, for Models 1 and 2, respectively (Figure 3).
The derived infrared luminosities are 6.89715 x 10'2 L. and
3.68794% x 103 L, for Models 1 and 2, respectively. If we
adopt the widely used modified blackbody dust SED model
with parameters T4, =47 K and 3= 1.6 instead, the infrared
luminosity is 9.5 x 10" L.

The derived dust properties of P215—16 and J1429+4-5447
are presented in Table 2. Future high-frequency continuum
observations, possibly sampling the peak of the dust SED and/
or the Wien tail, will be critical to further constrain the dust
temperature as well as the IR luminosity.

4.2. ISM Properties

CO SLEDs are sensitive probes of the physical conditions
(e.g., temperature, density, and radiation field) of the molecular
gas. To derive the physical properties of the molecular gas in
the host galaxies of these two quasars, we employ the CO
SLED grid models published in Pensabene et al. (2021). These
models consider two different gas heating mechanisms, namely
a PDR heated by the FUV photons from young massive stars
and an XDR heated by the X-ray photons from the AGNs. In
the PDR model, the shape of the CO SLED is described by two
physical parameters: the gas volume density n(H,) and the
FUYV radiation field strength G, in Habing field units (1 Habing
field corresponds to 1.6 x 10> ergs™' cm™%; Habing 1968).
The CO SLED in the XDR model is determined by the gas
volume density n(H,) and the strength of the X-ray radiation
field Fy in units of erg s~ cm™ 2. To fully sample the molecular
region, which has a typical column density of >2 x 10** cm >
(McKee & Ostriker 2007), we fix the column density of
molecular hydrogen to 10** cm ™ for both sets of the PDR and
XDR models. The adopted column density is also consistent
with the values derived/adopted for other z ~ 6 quasars (e.g.,
Meyer et al. 2022; Decarli et al. 2023). Ranges of n(H,), G,
and F for tyé)ical molecular clouds explored in the model grids
are  10%-10 cm73, 101—106, and 1072-10? erg s 'em™?
(Pensabene et al. 2021). We consider two cases for the CO
SLED fitting: (1) a single PDR component and (2) an XDR
component. The fitting procedure for each case is as follows.
First, we use the least-squares estimation for a first-order

19 We also considered fixing Apick = 264 pum (typical of QSOs at z ~ 6), but
the models could not fit the SED of J1429+-5447 at 250 GHz.
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estimation of the best-fit values of the parameters. Second, we
employ the MCMC package emcee to sample the posterior
distribution of the parameters while using the best-fit values
derived above as educated initial guesses for the parameters
(Foreman-Mackey et al. 2013).

We show the fitting results in Figure 4. The CO SLED of
P215—16 cannot be fitted with any of our PDR models with
n(Hp) and Gy in the ranges 10>-10°cm > and 10'-10°
(Figure 4(a)), which are typical ranges for the PDR regions
in star-forming galaxies, starbursts, and AGNs (e.g., Gallerani
et al. 2014, Pereira-Santaella et al. 2014; Pensabene et al. 2021;
Esposito et al. 2022). To further explore whether the data can
be fitted with an extreme PDR model, we extend the range of
n(H,) and G, parameters of Pensabene et al. (2021) to 10°-
10% cm ™ and 10'-10%, respectively, while using the same set
of assumptions in CLOUDY. The results suggest that the data
can be fitted with an extreme PDR of n(H,) = 10"' cm ™ and
Go=10"® (Figure 4(b)). The CO SLED of P215—16 can also
be fitted with an XDR model. The least-squares approximation
finds a dense XDR component of n(H,)= 10*3*cm™3
illuminated by a radiation field of F,=10"" ergs 'cm 2.
The MCMC analysis finds n(H,) =1047'05 cm > and Fy =
10087704 ergs ' cm 2 for the XDR model, where values and
uncertainties are estimated based on the 50th, 16th, and 84th
percentiles of the samples in the marginalized distributions of
the parameters. It is also possible that the CO SLED of P215
—16 is contributed by both PDR and XDR components.
However, the current CO SLED measurements are insufficient
to constrain the parameters for a PDR + XDR model. Future
observations of the high-J (J > 11) CO lines will be critical to
discriminate between different models.

For J1429+5447, the combination of available [CII];sg,m
data with the information on the nondetection of the [C 1](2-1)
line from this work enables us to constrain the physical
conditions of the atomic gas. The [CI];sgum/[CII(2-1)
luminosity ratio of >23 argues for a PDR origin of the line
excitation, as the XDR scenario usually results in a lower line
ratio of <10 (Pensabene et al. 2021). Predictions of the
[C1] lsgum/ [CI](2-1) ratio in the PDR model are shown in
Figure 5 (Pensabene et al. 2021). The [C II]158/,m/[C 11(2-1),
[C1lys8m/Lir, and [CT](2-1)/Lig ratios indicate a PDR
component with parameters in the region of n(H;)=
10°°® cm™ and Go= 10%7747, adopting an Ljg value of
6.897018 x 10'2 L.—3.68704 x 10" L.. Detections of the
CO emission lines complemented with previous CO(2-1)
observations (Wang et al. 2011) enable us to constrain, for the
first time, the physical conditions of the molecular ISM of a
radio-loud quasar at z > 6.

We analyze the CO SLED of J1429+5447 following a
similar procedure to that of P215—16. A single “dense” PDR
model illuminated by an intense FUV radiation field is able to
reproduce the observational data, with parameters of
n(Hy) = 10%°ecm™ and Gy =10>*. A single XDR model is
also able to reproduce the CO SLED with best-fit parameters of
n(H,) =10*7 cm™> and F, = 10" erg s tem™2 Using the gas
conditions derived from [CII]isg,m, [CI](2-1) and Lz as a
constraint on the PDR component, we also try to fit the CO
SLED of J1429+45447 with a PDR + XDR model. This
leads to a best-fit result of n(Hy)=10** cm™> and F,=
10*° erg s~ 'em™? for the XDR component, and n(H,) = 10>!
em > and Gy=10*? for the PDR component. The PDR
component contributes to 96% of the total molecular gas mass
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Figure 3. (a) Dust SED fitting results for J1429+5447. The data are shown as black squares. The top and bottom axes show the observed and rest continuum frequencies.
The dust SED is fitted with the general opacity dust SED model + radio power-law emission (see Section 4.1 for further details). The solid/dashed blue (red) lines represent
the best-fit general opacity /radio power-law models for Model 1 (Model 2). (b), (c) Posterior distributions of the model parameters for J1429+5447, respectively. The color
scheme for different models is the same as in panel (a). The 2D contours show the [1, 2]o confidence intervals in the marginalized distributions.

in this case. The MCMC method finds best-fit values in the
ranges n(H,) =1058%3 cm ™ and G, =10%6%7 (PDR model),
n(Hy) =1038%03 cm > and F, =10%3%7 ergs 'cm 2 (XDR
model), and n(H,)=10>"11 ecm™> and G,=10%2"05, and
n(Hy) =10%4%7 cm > and F, =10'3"13 ergs'em 2 (PDR +
XDR model). Analysis of the gas properties using either the

[C11]y58,m, [C1](2-1) and IR ratios or the CO SLED suggests
that the [C1I];s8,m, [CI](2-1), CO, and IR emission can be
explained with one PDR component. However, we are not able
to rule out a single XDR model or a composite PDR + XDR
model, which reproduces the observed CO SLED. In the case
of either the XDR or PDR + XDR model, a “moderate density”
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Table 2
Dust SED and CO SLED Modeling Results
Source Model LS Best Fit MCMC
Dust SED Model(Aick—fixed> Taust—fixed)
P215-16 Model 1 (100 pm, /) Ty =48 K, 3=2.05 Toe = 5018 K, 8= 1.997922 Lirx = 1.801929 x 103 L,
Model 2 (264 pm, /) Tause = 111K, =2.62 Tyuse = 11678 K, 8= 253703, Lrg = 4.617932 x 103 L,
Model 3 (/, /) Tause = 80 K, 3 =2.33, Tyust = 108¥4] K, 8 = 2497937, Mpiek = 252730 pum, Lig =
Athick = 199 pim 2705040 x 108 L,
J14294-5447 Model 1 (100 pm, 50 K) a=-0.76, 3=2.95 8=3.02732, a = —0.7675%, Lir = 6.897518 x 1012 L,
Model 2 (100 pm, 100 K) a=-0.76, 3=2.66 8=274338 o = —07610%, Lig = 3.68708 x 1013 L,
CO SLED
P215-16 PDR n(Hy) = 10%°, Gy = 10%°
Extreme PDR n(H,) = 10", Gy = 107
XDR n(Hy) = 103, F, = 10" n(Hy) = 1047708, F, = 10087704
J1429+5447 PDR n(Hy) = 10°°, Gy = 10%* n(Hy) = 1058'83 G, = 1056787
XDR n(Hy) = 10*7, F, =10'° n(Hy) = 1038583, F = 10033709
PDR + XDR PDR: n(H,) = 10>, Gy = 10** n(Hy) = 1057, G, = 1042'8%;

XDR: n(H,) = 10*3, F, = 10*°

n(Hy) = 1044187 F, = 1013713

Note. “LS Best Fit” represents the best-fit result of the least-squares method. “MCMC” represents the fitting result of the MCMC method. Model(Apick —fixeds
Tgusc—fixea) Tepresents the model where Agicx O Tuse i fixed t0 Amickfixed OF Taust—fixea- For the CO SLED modeling, n(H,), G, and Fy are in units of cm >, Habing

field, and erg s~ ' cm 2.

XDR component illuminated by an intense radiation field is
suggested.

Results for the gas properties derived from CO SLED
modeling are shown in Table 2. In short, both the extreme PDR
and the XDR models could explain the observed CO SLEDs
(up to J=10) of P215—16. However, we also notice that the
extreme PDR model for P215—16 requires extremely high gas
density and FUV radiation field intensity, which are rarely seen
in starburst systems and may suggest an AGN contribution. For
J1429+5447, the CO SLED could be fitted either with a PDR,
an XDR, or a PDR + XDR model. More discussions about the
excitation mechanism of the molecular gas can be found in
Section 5.

In addition, we robustly detect the H,O(3,;—31,) line in the
quasar P215—16, and tentatively detect the H,O(31,—2,;) in
P215—-16 and H20(3]2—221) and H20(32]—312) in J1429
+5447. The H,O molecule, as the third most abundant species
after H, and CO in the molecular ISM phase, traces obscured
star formation in dense molecular clouds. Linear relations were
reported between the mid/high-J H,O and the IR luminosities
in local and high-z infrared-bright galaxies and AGNs (e.g.,
Yang et al. 2013, 2016; Pensabene et al. 2022). The detections
and upper limits of H;O(3,,—2,;) and H,O(3,,—3,) for P215
—16 and J14294-5447 follow the H,O—IR trend of other z ~ 6
quasars (Yang et al. 2019; Pensabene et al. 2022; D. A.
Riechers et al. 2023, in preparation).

5. Discussion: The Heating Mechanisms of the
Molecular Gas

With the NOEMA observations of the multiple CO
transitions, we analyze the CO SLEDs of two z > 5.7 quasars.
Both of them are among the most infrared-luminous objects
found so far in the early Universe. The IR luminosities are of
the order of a few 10'* to 10" L., revealing massive star
formation in a dusty ISM. J1429-+5447 is a radio-loud quasar,
which enables us to study the CO excitation close to a young
and radio-loud AGN for the first time.

To further explore the possible origins of the different CO
excitations observed in P215—16 and J1429-+5447, we
compare our observations with the CO SLEDs of local and
high-z starburst galaxies and AGNs. The results are shown in
Figure 6. The local and high-z galaxy samples are local (ultra)
luminous infrared galaxies (“local (U)LIRGs”; Rosenberg et al.
2015), local star-forming and starburst galaxies (“local SF +
SB”; Liu et al. 2015), lensed (sub)millimeter galaxies at
7z=2-4 (“z=2-4 SMGs”; Yang et al. 2017), and (sub)
millimeter galaxies at z=1.2-4.1 (“z=12-4.1 SMGs”;
Bothwell et al. 2013; Figure 6(a)). The representative local
galaxies comprise three AGNs—NGC 1068 (Spinoglio et al.
2012), Mrk 231 (van der Werf et al. 2010), and NGC 6240
(Rosenberg et al. 2015)—and the starburst galaxy M82 (Weil3
et al. 2005; Panuzzo et al. 2010; Figure 6(b)). The 726
comparison sources include the z~ 6 quasars that have
previously published CO SLEDs with detections of at least
four transitions: J231041855 (Li et al. 2020b), J1148+5251
(Bertoldi et al. 2003; Walter et al. 2003; Beelen et al. 20006;
Riechers et al. 2009; Gallerani et al. 2014), J0100+2802
(Wang et al. 2019), J0439+1634 (Yang et al. 2019), and
PJ231-20 (Pensabene et al. 2021; Figure 6(c)). As the CO(6-5)
line is not observed in PJ231-20, we normalize its CO SLED
using the predicted CO(6-5) flux from the best-fit radiative
transfer model of Pensabene et al. (2021). In addition, we
collect starburst galaxies at z 2> 6, including SPT 0311 W, SPT
0311 E (Jarugula et al. 2021), and HFLS3 (Riechers et al.
2013), as well the lensed quasar APM 08279 at z = 3.9, which
reveals the highest excited CO SLED ever published across
redshifts (Weil3 et al. 2007; Bradford et al. 2011; Figure 6(d)).

The CO SLEDs of local and high-z starburst galaxy samples
typically peak at J < 6 and drop rapidly at high J, resulting in
low line fluxes at J > 10 (Figure 6(a)). This is consistent with
the gas heated by the FUV photons from young massive stars,
indicating a PDR origin. On the other hand, the local AGNs
and high-z quasars tend to have higher CO excitation with the
CO SLEDs peaking at J 2 6. The bright high-J (/2 9) CO
transitions are usually associated with other heating mechan-
isms, e.g., X-ray heating from AGNSs, cosmic-ray heating, and
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Figure 4. CO SLED fitting results of the PDR (left), extreme PDR (middle), and XDR models (right) for P215—16 (top) and the PDR (left), XDR (middle), and PDR
+ XDR (right) models for J1429+4-5447 (bottom). The fitting results are shown as solid blue (PDR) and red (XDR) lines, and the data are shown as black squares and
diamonds for P215—16 and J1429+4-5447, respectively. The sum of the PDR + XDR model is shown as a solid black line.
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mechanical heating by shocks in addition to the FUV heating
from young massive stars (Figures 6(b) and (c); e.g., van der
Werf et al. 2010; Spinoglio et al. 2012). As is suggested by
Figure 6 and predictions from radiative transfer models, the CO

10

SLEDs of the starburst galaxies and AGNs/quasars are
distinguishable through observations of the high-J (e.g.,
J29) CO transitions (e.g., Vallini et al. 2019).

P215—16 exhibits a highly excited CO SLED, indicating an
excitation level that is much higher than that of all local /high-z
starburst galaxies (Figures 6(a) and (b)) and local AGNs
(Figure 6(b)), with no turnover up to J = 10. It has the highest
CO(10-9)/CO(6-5) ratio among all published quasars at z~ 6
(Figure 6(c)) and the second highest excited CO ever across
redshifts (less excited than APM 08279). We have demon-
strated in Section 4.2 that either an XDR component with high
gas density and intense radiation (n(H,)= 10** cm 3,
F,= 10"! erg st cmfz) or an extreme PDR of n(H,)=
10"! cm ™ and G = 10"® could explain such a highly excited
CO SLED (Figure 4). Mechanical heating by shocks can also
result in highly excited molecular CO, which was reported in
some local galaxies (Rosenberg et al. 2015). Shocks are
relatively more efficient in heating the gas than the dust, and a
typical signature of shock-heated gas is a high CO/IR
luminosity ratio of a few times 10* (e.g., Pellegrini et al.
2013). The CO/IR ratio (even for the brightest CO(10-9)
transition) of P215—16 is ~10_5, which disfavors the shock
heating scenario. Enhanced cosmic-ray heating could also be
responsible for high-J CO line excitation, which is sometimes
indistinguishable from XDR. Vallini et al. (2019) investigated
several CO excitation mechanisms in high-z galaxies and
reported that the most extreme cosmic-ray-heated CO SLED
peaked at /=9. The high CO excitation of P215—16, which
peaks at J > 10, is best explained by an XDR or extreme PDR
component. In either case, AGNs could be the source powering
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Figure 6. CO SLEDs of P215—16 and J1429+5447 in comparison with (a) the mean value of local and high-z starburst galaxy samples, (b) local representative AGNs
and starburst galaxies, (c) other quasars at z 2 6, and (d) starburst galaxies at z 2 6 and the lensed quasar APM 08279 at z = 3.9. The dashed line represents the

thermalized CO excitation with constant brightness temperature on the Rayleigh-Jeans scale, i.e., L(/;O( Jed—1) = Léoufo)-

the high CO excitation, by contributing to the X-ray emission
or intense FUV emission as suggested by the results of the
XDR and extreme PDR models.

In contrast, J1429+5447 exhibits a relatively lower CO
excitation, which is comparable to that measured for local and
high-z starburst galaxies (Figures 6(a) and (b)) and z2>6
starburst galaxies, e.g., SPT 0311 W, SPT 0311 E, and HFLS3
(Figure 6(d)). It has the lowest CO(J-J — 1)[,~7,/CO(6-5) line
ratios among the z~ 6 quasars with published CO SLEDs
(Figure 6(d)). The CO SLED could be explained by a single
PDR model with extreme gas densities of n(H,) = 10%9¢m—3
and radiation of G, = 10>4.

We also explore whether the CO SLED of J1429+4-5447 can
be fitted with an XDR model included, given the luminous
X-ray detection in this quasar. The CO SLED of J1429+-5447
fitted by an XDR or a PDR 4 XDR model prefers an XDR
component with moderate density (n(H,)= 10373 cm™?)
and illuminated by an intense X-ray radiation field (Fy=
105729 ergs~' cm™?). This is at the lower edge of the range
of molecular gas density found in z ~ 6 quasars (e.g., Li et al.
2020b; Pensabene et al. 2021). As J1429+5447 is a radio-loud
object, it is possible that the radio jet expels the gas from the
host galaxy, resulting in lower gas density. This is consistent
with the indication of a possible outflow found in previous
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[C11]s8,m observations (Khusanova et al. 2022). The out-
flowing gas mass constrained from the broad [CII]sg;m
component is 1.2 x 10" M., assuming oqem = 30 My L51
(Zanella et al. 2018). The OH"(1,—0,) absorption is a sensitive
tracer of outflows in galaxies and quasars (e.g., Shao et al.
2022). Unfortunately, the low S/N of our OH'(1,-0,)
spectrum prevents us from deriving useful constraints on the
outflowing molecular gas mass, and deeper observations will
be needed to obtain an independent estimate. In this work, we
only include a simple plane-parallel geometry and include no
dust torus attenuation. A low CO excitation can be produced in
an XDR model of sophisticated geometry and high dust
attenuation even when the X-ray flux and gas density are high
(e.g., Vallini et al. 2019). Future CO SLED observations of
more radio-loud quasars will possibly enable us to study
whether the low excitation is rare/common in the radio-loud
population.

6. Summary

We present NOEMA observations and report detections of
multiple CO transitions (from CO(5-4) to CO(10-9)),
H,0(3,,—313), and the underlying continuum emission from
the host galaxies of the quasars P215—16 at z =5.78 and J1429
+5447 at z=6.18.
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Adopting a general opacity dust SED model, we derive dust
temperatures in the range of ~50-110 K for the two quasar host
galaxies. The derived infrared luminosities of P215—16 and
J1429+4-5447 differ by factors of ~2.5 and 5.3, respectively,
depending on the best-fit models used.

The quasar P215—16 exhibits highly excited molecular CO
with a CO SLED peaking at J>10. It has the highest
CO(J—J — 1)7>7;/CO(6-5) ratio among the z ~ 6 quasars with
published CO SLEDs known to date. Analysis of the CO SLED
with models suggests that a “dense” (n(H,) = 10*3 cm*3) XDR
component illuminated by an intense X-ray radiation field
(Fy= 101'1) or a “‘dense” PDR component with n(H,) =
10"! cm™ and Gy = 10" reproduces the observed CO SLED.
In either case, the central AGN is likely to contribute to the
radiation field to excite the high-J CO transitions.

The CO SLED of the radio-loud quasar J1429+-5447 reveals
the lowest CO excitation among all published quasar CO
SLEDs at z ~ 6. This is the first reported CO SLED of a radio-
loud quasar at this redshift and is comparable to those of local
AGNs and starburst galaxies at z 2> 6. The CO SLED could be
explained by a PDR component. In addition, we also propose
two possibilities where XDR is considered to explain the low
CO excitation: (1) a luminous X-ray radiation field illuminating
a moderate-density gas, which may be attributed to a result of
the gas being expelled by an outflow, and (2) an XDR model of
sophisticated geometry taking into account the X-ray attenua-
tion by a dust torus. In this case, low CO excitation can be
reproduced in a model with high dust attenuation even when
the X-ray fluxes and gas densities are high.

In addition, we detect bright H,O(3,;—3,) emission in P215
—16. This places P215—16 exactly on the linear relation
between the HO(3,;—3,) and IR luminosities recently found
for other quasars at z~6 and local/high-z infrared-bright
galaxies.

Future observations of the CO SLEDs toward more radio-
loud quasars at z 2 6, possibly up to (J 2 10), will be critical to
systematically reveal the physical conditions and heating
mechanisms of the molecular gas in the host galaxies of the
radio-loud quasar population in the early Universe. Compar-
isons between the radio-loud and radio-quiet populations will
shed light on the possible different/similar impacts of the
radio-quiet (loud) AGNs on the molecular gas properties.
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