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Detection of the [O 1] 63 ym emission line from the > = 6.04
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Abstract

We report the highest-redshift detection of [O 1] 63 pum from a luminous quasar, J2054-0005, at z = 6.04 based on the Atacama Large
Millimeter/sub-millimeter Array Band 9 observations. The [O 1] 63 um line luminosity is (4.5 4 1.5) x 10° Lg, corresponding to the [O 1] 63
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um-to-far-infrared luminosity ratio of ~ 6.7 x 10~4, which is consistent with the value obtained in the local universe. Remarkably, [O 1] 63 um
is as bright as [C 1] 158 pm, resulting in the [O 1]-to-[C 11] line luminosity ratio of 1.3+ 0.5. Based on a careful comparison of the luminosity
ratios of [O 1] 63 pum, [C 11] 158 pm, and dust continuum emission to models of photo-dissociation regions, we find that J2054-0005 has a gas
density log(ng/cm—3)= 3.7 4 0.3 and an incident far-ultraviolet radiation field of log(G//Go) = 3.0 + 0.1, showing that [O 1] 63 um serves as an
important coolant of the dense and warm gas in J2054-0005. A close examination of the [O 1] and [C 11] line profiles suggests that the [O 1]
line may be partially self-absorbed, however deeper observations are needed to verify this conclusion. Regardless, the gas density and incident
radiation field are in a broad agreement with the values obtained in nearby star-forming galaxies and objects with [O 1] 63 xm observations at
z = 1 — 3 with the Herschel Space Observatory. These results demonstrate the power of ALMA high-frequency observations targeting [O 1] 63
pm to examine the properties of photo-dissociation regions in high-redshift galaxies.

Keywords: quasars: general — galaxies: high-redshift — galaxies: ISM — galaxies: active

1 Introduction

Quasars are powered by supermassive black holes (SMBHs) with
masses of ~ 1087190 (e.g., Inayoshi et al|[2020|and references
therein). In the local Universe, there is a well-known correlation
between the central black hole mass and the bulge mass (e.g.,
Kormendy & Hol|[2013)). Given the coevolution of SMBHs and
their host galaxies, understanding detailed properties of the host
galaxies in the early universe is a key to understand the formation
and evolution of SMBHs (e.g.,|Valiante et al.[2017).

The interstellar medium (ISM) of high-redshift (z) quasar host
galaxies is often studied with the brightest far-infrared (FIR) fine
structure line, [C 11] 158 pm, as well as with carbon monoxide
(CO) emission lines, and dust continuum emission (e.g.,|Venemans
et al.| 2018} [Decarli et al.|2018} [zumi et al.|[2019; Decarli et al.
2022; Pensabene et al.|[2024} [Tripodi et al.[2024). These studies
have shown that the quasar host galaxies can be characterized by
high star-formation rates (SFR ~ 50 — 3000 Mg, yr~ '), molecular
gas masses (~ 10'° M), and dust masses (~ 10"~° Mp).

The [O 1] ® P, =3 P line at the rest-frame wavelength of 63 ym
(rest-frame frequency of 4744.77749 GHz), hereafter [O 1] 63 um,
has a critical density of nm crit. ~ 2.5 x 10° cm ™ at the tempera-
ture of 100 K and emitting level with an equivalent temperature of
T. = AE/k = 228 K above the ground (Draine|2011). Compared
to the critical density of [C 1] 158 pm, nmcrit. ~ 3 X 10° cm™3
at the temperature of 100 K, and the equivalent temperature T’ =
AFE/k =91.25 K, the [O 1] 63 pm line traces high-density, high-
temperature neutral gas (Kaufman et al.|1999, 2006} Narayanan &
Krumholz2017). Thus, combinations of [O 1] 63 pm, [C 11] 158
pm, and dust continuum data allow us to estimate the gas den-
sity and temperature in photo-dissociated regions (PDRs). Due to
the high equivalent temperature, [O 1] 63 pm also has an advan-
tage that it is less affected by the cosmic microwave background
radiation, which makes it a reliable tracer of neutral ISM at high
redshift.

Initial campaigns for the [O 1] 63 pm line observations include
the NASA Lear jet telescope system targeting the Orion nebula
(M42) and Omega nebular (M17) (Melnick et al|[1979) and a
balloon-borne telescope targeting the Orion nebula (Furniss et al.
1983)). The [O 1] 63 pm line was observed in external galaxies with
the Infarad Space Observatory (ISO) (e.g., [Malhotra et al.|[2001}
Brauher et al.|2008)) and the Herschel Space Observatory (hereafter
Herschel) (e.g., [Farrah et al.|2013; [Madden et al.|[2013}; [Cormier
et al.[2015}; [Diaz-Santos et al.|2017; |Herrera-Camus et al.|[2018])
in metal-rich spiral galaxies, ultra-luminous infrared galaxies
(ULIRGS), and blue compact dwarf galaxies. These observations
showed that [O 1] 63 pym is a dominant coolant in dense PDRs,
with a typical [O I]-to-FIR luminosity ratio Liore3um/LFIR ~
1074 — 1073, where Lgir is integrated over 42 — 122 pm.

The [O 1] 63 pm line observations at z ~ 1 — 3 were
conducted by Herschel, mainly in gravitationally-lensed sub-
millimeter galaxies (SMGs) (e.g.,[Sturm et al.||2010; |Coppin et al.

2012; Brisbin et al.|2015; Wardlow et al.|2017; [Zhang et al.|2018};
Wagg et al.[2020) and in the Cloverleaf quasar at z = 2.46 (Uzgil
et al.|2016). The detections unveiled enhanced luminosity ratios,
Lio1e3um/LFr ranging from =~ 1073 to 1072, but still with a
limited number of detections (N ~ 15). On the other hand, a
stacking of the non-detections of individual SMGs in [Wardlow
et al.| (2017) resulted in a detection of [O I] 63 pm, yielding
Lioyesum/Lrmr = (3.6 £1.2) x 10™*, showing a diversity in the
ISM properties of high-z galaxies.

At z ~ 4 —7, the [O 1] 63 pum line can be observed from the
ground with e.g., the Atacama Large Millimeter/sub-millimeter
Array (ALMA) in Band 9 - 10. The [O 1] 63 pm line observation
at z > 4 has been first reported by Rybak et al.|(2020). The authors
observed a gravitationally-lensed SMG, G09 83808, at z = 6.027
with the Atacama Pathfinder EXperiment (APEX) 12-m telescope.
Although a 50 [O 1] 63 pm line was initially reported, subsequent
follow-up observations with ALMA Band 9 did not confirm the
line (Rybak et al.|2023). Litke et al.|(2022) targeted [O 1] 63 um
along with other FIR lines in a gravitationally-lensed SMG, SPT
0346-52, at z = 5.656 with ALMA Band 9, resulting in a non-
detection of [O 1] 63 pm. The first detection of [O 1] 63 pm at
z > 4 was recently made with ALMA Band 10 in a non-lensed
hyper-luminous (Lrir ~ 3.5 x 10'3 L) active galactic nucleus
(AGN), W2246-0526, at z = 4.6 (Fernandez Aranda et al.|[2024).
Clearly, the number of [O 1] 63 um observations at z > 4 is still
scarce. A contributing factor to this scarcity may be that [O 1]
63 pm emission is typically optically thick (e.g.,|Goldsmith et al.
2021), unlike most of far-IR fine-structure lines like [C 1I] 158
pm. As such, [O 1] 63 pm emission is detected only from front
faces of emitting clouds. Additionally, if sufficient neutral oxy-
gen is along the line-of-sight in a galaxy, the [O 1] 63 pm line
can be readily self-absorbed. For example, self-absorption is seen
in a nearby large molecular cloud DR 21 (Poglitsch et al.||1996),
a diffused nebula NGC 6334 (Kraemer & Jackson|[1998), and a
highly obscured H 1I region Sgr B2 (Baluteau et al.[|{1997) with
massive star formation activity. In extra-galactic sources, nearly
half of the local ULIRGS in Rosenberg et al.|(2015) show signifi-
cant missing flux with several sources show the 63 pm line nearly
completely absorbed out (see also (Gonzalez-Alfonso et al.|2012).
Determining if [O 1] 63 pum emission is optically thick requires
comparing the line to the optically thin [O 1] 145 pm line, while as-
sessing self-absorption requires a significant signal-to-noise ratio
in the spectrum to identify absorption features. Fernandez Aranda
et al.| (2024) detect both the [O 1] 63 and 145 pm lines, and show
their line ratios suggest the [O 1] 63 pm line emission is indeed
optically thick. However, the data were not sensitive enough to
identify the narrow absorption feature in W2246-0526.

In this paper, we report a new detection of [O 1] 63 pm in a dis-
tant quasar, SDSS J2054-0005, at z = 6.0 based on ALMA Band 9
archival data (§2). To date, this is the most distant detection of [O
1] 63 pm. We present our calculations on the [O 1] 63 pm lumi-
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nosity and its luminosity ratios against Lrr and the [C 11] 158 ym
luminosity in §3] In §4] we perform PDR modeling to constrain
the neutral gas properties. We summarize our results in §5]

Through out this paper, we assume a A cold dark matter cosmol-
ogy with Q,,, = 0.272, Q4 = 0.728, and Ho =70.4 km s~' Mpc ™!
(Komatsu et al.|2011). At the redshift of the source (z = 6.04), the
age of the universe is 0.946 Gyr and an angular size of 1" corre-
sponds to a proper distance of 5.85 kpc. The solar luminosity is
Lo =3.839 x 1033 erg s~ L.

2 Observations and Data

2.1 The target: J2054-0005

The quasar J2054-0005 was originally discovered in the Sloan
Digital Sky Survey (SDSS) (Jiang et al.|2008), and later detected
in various emission lines of [C I1] 158 um (e.g., 'Wang et al.|2013}
Venemans et al.[[2020), [O 11] 88 pm (Hashimoto et al.[[2019)),
CO(2-1) and CO(6-5) (Shao et al.|[2019), CO(7-6) (Decarli et al.
2022), as well as in the OH 119 pum absorption and emission
(Salak et al.|[2024). The redshift determined from these lines is
6.0391 4 0.0002. J2054-0005 was also observed in [C 1](2-1),
however, it resulted in a non-detection (Decarli et al.[2022]).

J2054-0005 is a non-lensed quasar, and has a bolometric lumi-
nosity of ~ 3 x 1013 Lo (Wang et al.|[2013; |[Farina et al.|[2022).
The black hole mass is estimated to be ~ (1.5 —10.2) x 10° Mg
based on the single-epoch technique with an Eddington ratio of
AEdd ~ 0.1 — 0.7 (Farina et al.|[2022). Based on a fit to multi-
wavelength dust continuum data, J2054-0005 has a total infrared
luminosity integrated over 8 — 1000 pm, Lrr, =~ 1 x 10*® Lg
(Wang et al.2013; [Hashimoto et al.|[2019} [Tripodi et al.[[2024]),
making it one of the brightest quasars at z 2 6. The SFR esti-
mated from Lrir is = 800 Mg, yr— " after a correction of the AGN
contribution (Salak et al.|2024).

2.2 ALMA Band 9 Data

ALMA Band 9 observation was carried out on 2017 March
22 as part of the ALMA Cycle 4 program (Project ID:
2016.1.01063.S, PI: C. Ferkinhoff). The antennas of the 12
m array observed a single field centered at (arcrs, Oicrs) =
(20"54™ 065490, —00°05'14/'80). Forty-two antennas were used,
with baseline lengths ranging from 15.1 — 278.9 m. This resulted
in a maximum recoverable scale of 4.2 and a field-of-view of 8./6.
The on-source integration time was 39 minutes.

Four spectral windows were set at central frequencies of 672.3,
674.1,676.0, and 677.8 GHz, referred to as SPW1, SPW2, SPW3,
and SPW4, respectively. SPW2 observed the [O 1] 63 um line,
whereas the other three SPWs observed dust continuum emission.
The quasar J1924-2914 and J2025-0735 was used for the bandpass
and complex gain calibration, respectively. The flux was scaled
using Titan, yielding a calibration uncertainty of less than 20%
in ALMA Band 9, according to the ALMA Cycle 4 Proposer’s
Guidd[]

The data were reduced with the Common Astronomy Software
Applications (CASA, (CASA Team et al.[2022) version 4.7.0. The
CASA tclean task was used for imaging, with a natural weighting
to optimize the point-source sensitivity. Table [T] summarizes the
resulting resolution and sensitivity of the data.

Continuum maps were created using all channels except for

! https://almascience.nao.ac.jp/proposing/documents-and-tools/cycle4/alma-
proposers-guide

SPW2 that included [O 1] 63 pm. The synthesized beam has a
size of 0”64 x 0756 in the FWHM and a positional angle of 72°.
The rms of the map is 0.55 mJy beam ™.

To create line cubes in SPW2, the CASA task imcont sulﬂ was
first applied to subtract the continuum emission. We then created
cubes with a velocity width of 50 km s~—! without uv-tapering.
The cube has a synthesized beam size of 0765 x 0!'56 and a posi-
tional angle of 83°. A typical rms sensitivity of the cube is 3.68
mJy beam ™! per 50 km s~ bin.

3 Results

3.1 63-pum continuum emission

The data probe the dust continuum emission at a rest-frame wave-
length of Arest &~ 63 pm. The dust continuum emission is detected
at a peak significance of 130, as shown in the left panel of fig-
ure[T] With the CASA task imfit, we obtain the flux density of
Sy,63um = 9.6 £ 1.0 mJy (table @) The peak position is at (aicrs,
Sicrs) = (20754™063495, —00°05'14”46), well consistent with
previous dust continuum positions (e.g., Wang et al.| 2013}
Hashimoto et al.[|2019; |Salak et al.|2024). The beam-deconvolved
size of the continuum-emitting region is (0./424+0."13) x (0./23 +
0709), consistent with previous measurements within 20 un-
certainties: (0723 & 0701) x (0715 £ 0702) at Avess ~ 87 pm
(Hashimoto et al[[2019) and (0”27 + 0703) x (0”26 + 0703) at
Arest &= 160 pm (Wang et al[2013). Finally, we note that the re-
sults on ALMA Band 9 dust continuum are recently reported in
Tripodi et al.|(2024) based on the same data set. Our results are
consistent with their results in the size and flux density measure-
ments. Hereafter, we focus on [O 1] 63 pm in this study.

3.2 [O1] 63 pm

The middle panel of figure [I] shows the [O I] 63 pm intensity
map (i.e., moment 0 map) integrated over the frequency range
of 673.96 — 674.44 GHz, corresponding to a velocity width of
250 km s™! (= FWHMs of [C 11] 158 um and [O 111] 88 pm)
centered at the observed redshift of 6.0391. The noise level of the
map is 0 =0.42 Jy beam ™" km s ™', The line is detected at the peak
significance level of 5.0c. The peak position is at (aicrs, d1crS)
=(20"54™06°501, —00°05'14/'42), well consistent with those for
other emission lines (see Salak et al.|[2024] for a detailed compari-
son on the peak positions of emission lines and the optical contin-
uum emission from the quasar).

The right panel of figure [T] shows the continuum-subtracted
spectrum extracted from an aperture that encloses the 2o-region
in the integrated intensity map. We apply a Gaussian profile to
the spectrum with the scipy curve_fit function, where we use
the SPWs of 1, 2, and 3. To obtain uncertainties on fitting pa-
rameters, the noise level is measured from the frequency ranges
in [671.3:673.5] GHz and [674.6:676.8] GHz. We obtain the line
FWHM of 192449 km s~ and z = 6.038540.0005. We measure
the line flux with the CASA task imfit assuming a 2D Gaussian
profile for the intensity map integrated over a velocity width of 500
kms™! (= 2.6 xFWHM), resulting in 1.8140.61 Jy km s ~!. With
Equation (T)) (Solomon et al][1992), the luminosity is estimated to

2 The phase-tracking center of the ALMA Band 9 observation is
slightly offset from the position of J2054-0005, (cicrs, Oicrs) =
(20"54™ 065503, —00°05’ 14"/ 43) in [Hashimoto et al|(2019). In this case,
imcontsub optimally subtracts the continuum compared with the CASA task
uvcontsub (see e.g., Kaasinen et al.|2023| for the choice of imcontsub due to
the same issue).
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Data Achieved sensitivity in r.m.s. Beam size FWHM  Beam PA
(mJy/beam) (arcsec x arcsec) (degree)
Dust continuum 0.55 0.64 x 0.56 72
[OI] 63 ;zm cube (50 km s~ ! bin) 3.68 0.65 x 0.56 83
Dust continuum at 63 um [OI]1 63 um
S R Cop ot nmmyon
. ( it = SPW1
-0:05:13.0 [N WA <ole (a-l:;@c = 10 _——ﬂ SPW3
- Xy 27\ L) -
5 : e - E
= 14.0 e
R L 2 °F
> al (%] =
3 15.0 L 8 i) - WrIn
a : < OF
> e e e e = === - TR S
B »
16.0 e, | |'.T_._5-|||||||||I

g
-~
e N e e i

06.6 06.5
RA (J2000)

20:54:06.4

RA (J2000)

672 674 676
Observed frequency [GHz]

Fig. 1. The dust continuum map at ~ 63 um (left), [O 1] 63 um integrated intensity map (middle), and continuum-subtracted [O 1] 63 pm spectrum (right).
In the left and middle panels, the ellipse at the lower left corner indicates the synthesized beam size of ALMA. The dust continuum contours are drawn

at +(2, 4, 8, 12) xo, where ¢ = 0.55 mJy beam~!. The [O 1] 63 um line contours are drawn at +(2, 3, 4, 5) xo, where o = 0.42 Jy beam~! km s

—1

Negative and positive contours are shown by the white dashed and black solid lines, respectively. In the right panel, the continuum-subtracted [O 1] 63 yum
spectrum is extracted from the region with > 2o detection in the integrated intensity map. The black solid line is the best-fit Gaussian for the line, whereas
the black dashed lines show the typical +10 noise level measured from the spectrum. The upper horizontal bars indicate the frequency coverages of

SPWs1-3.

Table 2. Summary of Observational Results

[O1] 63 pm
z 6.0385 4 0.0005
FWHM (km s™1) 192 4+ 49
SionesAv (Jy kms™") 1.81+0.61

(4.541.5) x 10°
(058 £0!"11) x (0’51 4 0!'08)
< (0742 x 0!'23)
dust continuum
9.6+1.0
(076 £0!'02) x (061 +0!'02)
(0424 0!"13) x (023 4 0!'09)

Liones (Lo)
size (beam-convolved)
size (beam-deconvolved)

Su,63um (mJ)’)
size (beam-convolved)
size (beam-deconvolved)

be (4.53+1.52) x 10°Le,

2
) _ _3 SlineAU DL ( Vobs )
Liine = 1.04 x 10 (Jykms_l vivs ) (@) Lo

where SineAv, Dr,, and vens are the line flux, luminosity dis-
tance, and observed frequency, respectively. The [O 1] 63 pum-
emitting region is not spatially resolved. Under a reasonable as-
sumption that the region has a smaller size than the continuum-
emitting region (ﬁgure, we obtain the upper limit on the size to
be 0!'42 x 0!'23. Table [2|summarizes the observational results.

3.3 Luminosity Ratios
Table [3] summarizes the previous line observations for J2054-

OOOﬂ We also list Lrir obtained in[Salak et al.| (2024) who have
3 The line luminosities of [C 11] 158 yum (Wang et al[2013) and [O 111] 88 yum

(Hashimoto et al.[2019) are obtained in the same manner as in [O 1] 63 pm.

performed multi-wavelength spectral energy distribution (SED)

fitting for J2054-0005 using CIGALE (Boquien et al|[2019) that
includes the contribution from both star-formation and AGN ac-

tivity. We obtain Lioyesum/Lrir = (6.7 £ 2.2) x 10-4 and
Lionesum/ Licmissum = 1.3 £0.5.

3.3.1 LFIR VS. L[OI]GB,um/LFIR
The left panel of ﬁgure shows a comparison of Lione3um/LFIr
with the literature values. These include nearby (U)LIRGs in
the GOALS survey (Diaz-Santos et al|2017; small grey circles),
blue compact dwarf galaxies in the Herschel Dwarf Galaxy sur-
vey (Cormier et al.|2015} small blue circles), and a compilation of
other local galaxies observed by ISO (Coppin et al|[2012; small
black circle%. |De Looze et a1.| (]2014|) have obtained an empiri-
cal relation between SFR and L{o1j63,m in the local universe. The
horizontal line with a shaded region indicates the relation between
Lio163um/Lrr and Lrir, where we convert SFR into Lyir un-
der the assumption of the Salpeter initial mass function
[T955} [Kennicutt & Evans[2012).

The data also include the individual detections and non-

detections of [0 1] 63 um at z ~ 1 — 3 (Coppin et al.[2012; Brisbin
et all|2013}; [Wardlow et al|[2017} [Zhang et al.|2018; Wagg et al.

[2020; cyan squares), where the 30 upper limits are shown with
inverted triangles. The detection of [O 1] 63 pm in a stacked spec-
trum of five lensed SMGs at z ~ 1 — 3 is also shown
cyan diamond).

We also include the data points of z > 4 ALMA observations,
where the inverted triangle indicate the 30 upper limits: detection
in J2054-0005 (this study; red star), a z = 4.601 hyper-luminous
AGN W2246-0526 (Fernandez Aranda et al.|2024} green circle),

4 We have removed objects overlapped with (2017).
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Table 3. Summary of the luminosities in J2054-0005

Lines FWHM Luminosity References
(kms™!) Lo)
[O1]163um  192+£49 (4.5+1.5) x 10° This Study
[Cu]158 um 243+£10 (3.4+£0.5) x 10° Wang et al.|(2013)
[O1i] 88 um 282417  (6.840.6) x 10°  [Hashimoto et al.[(2019

[C1](2-1) - <1.1x108 Decarli et al.| (2022
FIR - (6.840.2) x 10"*  Salak et al.[(2024)
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Fig. 2. (Left): The Lo163.m-t0-Lrir ratio plotted against Lyir, where the luminosities are corrected for magnification, if any. The red star indicates the
quasar J2054-0005 at = = 6.04. The other three objects at z > 4 are also shown: the detection of [O 1] 63 um in a hyper-luminous AGN W2246-0526 at
z = 4.601 (Fernandez Aranda et al[2024; green circle), and the non-detections of SMGs G09.83808 at at = = 6.027 purple inverted
triangle) and SPT 0346-52 at z = 5.656 orange inverted triangle). The plot includes nearby U/LIRGs from the GOALS survey
small grey circles), blue compact dwarf galaxies from the Herschel Dwarf Galaxy survey small blue circles), and

other local galaxies observed by ISO (compiled in 2012} small black circles). A typical range of L{o163 um / Lrir in|De Looze et al| (2014) is
shown by the horizontal dashed line with a shaded region. Also included are detections and non-detections of [O 1] 63 um at z ~ 1 — 3 (Coppin et al.[2012}

|Brisbin et al.|2015}|Zhang et al.[2018}; Wagg et al.|2020; blue squares, non-detections indicated by inverted triangles) and the detection of [O 1] 63 pm in
a stacked spectrum of four lensed SMGs (Wardlow et al.|2017; blue diamond). The upper limits correspond to 3o (Right): The Liones.mt0-Licrr1ssum
ratio plotted against Lrir. The symbols are the same as in the left panel. The median and standard deviation of the local samples are shown as a
horizontal black line with a shaded region.

non-detection of two sub-millimeter galaxies (SMGs), G09.83808
at z = 6.027 (Rybak et al[2023}, purple inverted triangle) and SPT
0346-52 at z = 5.656 (Litke et al. orange inverted trian-
gle). In this plot, we have corrected for the lensing magnification
factors, if any.

The left panel of ﬁgure shows that the data points of two [O 1]-
detections at z > 4 (J2054-0005 and W2246-0526) are well within
the range of the local relation in [De Looze et al| (2014), but are
lower Lioresum/Lrir than those in the individual detections at
z=1-3.

As discussed in [Wardlow et al| (2017)), the initial campaign of

[O 1] 63 pm observations in high-z SMGs in [Sturm et al.| (2010)
and |Coppin et al.[(2012) have indicated that L;o1j63,m/Lrir may

be high in the high-z SMG population (cyan squares). On the other
hand, the luminosity ratio in the stacked data of high-z SMGs in

Wardlow et al| (2017) (cyan diamond) is consistent with the value
obtained in the local universe. Interestingly, the three SMGs in
|C0ppin et a1.| (]2012|ﬂ and one SMG in |Sturm et al.| (2010)°| have
5 The object IDs are LESS66, 88, and 102.
© The object ID is MIPS J1248.

AGN activity, which [Wardlow et al.| (2017) have attributed to a
possible explanation for the enhanced luminosity ratio. However,
the situation is complicated as the sample of six SMGs at z =1—2
in Brisbin et al.[(2015) uniformly shows high Lio163,m/Lrir re-
gardless of the presence of AGN activity, where three of the six
objects have AGN activity (cyan squares). Based on the fact that
Lionesum/ Lrir of the four objects at z > 4 is consistent with that
in the local universe, we conclude that high-z SMGs do not neces-
sarily have high L[OI]GSHm/LFIR-

3.3.2 Lrir vs. Lionesum /Liciissum

The right panel of figure |Z| shows a comparison of
Lioyesum/ Liciisspm With the literature values. The sym-
bols are the same as those in the left panel, where the data points
of z =1 — 3 are plotted if the line ratio is available. The median
and standard deviation of Lionesum/Liciyissum in the local
samples are 0.6 and 0.3, respectively (horizontal black line and
grey shaded region). The line ratios in the z = 1 — 3 sample range
from 0.5 to 2.0. The line raitos in the z > 4 objects are 1.3+ 0.5,
4.9140.72, 0.22 (30) and 1.5 (30) for J2054-0005, W2246-0526,



G09.83808, and SPT 0346-52, respectively.

Lione3um/ Lictnissum in J2054-0005 is consistent with the typ-
ical value obtained in the local universe within the uncertainty. On
the other hand, W2246-0562 shows the second highest line ratio
among the z = 0 — 6 samples.

4 Discussion
4.1 AGN contribution to [O 1] 63 xm in J2054-0005

Previous studies have shown that Lioresum /Licrijissum is en-
hanced in the presence of AGN activity. Based on the obser-
vations of 52 objects in the Herschel SHINING survey, Herrera-
Camus et al.|(2018) have found that only objects with AGN activ-
ity reach Lionesum /Licini58um 2 1.6 in the local universe (see
also [Fukuchi et al.|2022).

This is consistent with a theoretical study of |Abel et al.
(2009) that predicts Lioresum /Lici)issum becomes higher in
the presence of AGN activity. The calculations of |Abel et al.
(2009) are based on CLOUDY (Ferland et al|2013) that in-
clude both star-formation and AGN activity, and adopt an one-
dimensional spherical geometry. The authors have found that
Lionesum /Licmissum 2 2 can be achieved only in the presence
of AGN activity (see their figure 6). According to |Abel et al.
(2009), the higher line ratio is due to the fact that X-rays emit-
ted by the AGN activity can penetrate deep into the cloud and heat
the gas through photodissociatin and photoion-ization. Similarly,
Meijerink et al.| (2007) have presented theoretical predictions for
the Lionesum /Licmissum ratio based on models accounting for
both star formation and AGN activity. The result is consistent
with |Abel et al.| (2009) in the sense that the line ratio becomes
higher in the presence of AGN activity. However, Meijerink et al.
(2007) have also shown that the line ratio can reach as high as
~ 40 with PDR models alone (i.e., without AGN acitivity) if the
gas column density of PDR is sufficiently high (see their figure
2). Altogether, both the observational and theoretical studies show
that Lionesum /Liciissum is enhanced in the presence of AGN
activity, although the exact value of the ratio is model-dependent.

In J2054-0005, the observed line ratio of
Lionesum /Liciissum = 1.3 £ 0.5 is close to the criterion
presented in |Abel et al| (2009) and Herrera-Camus et al.| (2018))
within uncertainties, which does not allow us to strongly conclude
whether the AGN activity affects the [O 1] 63 pum line emission.

To further check if the AGN activity in J2054-0005 affects [O
I] 63 pum, we refer to the results of |Decarli et al.| (2022) who
have concluded that PDRs rather than X-ray dominated regions
(XDRs) better reproduce the observed lines of [C 11] 158 pm, [C
1](2-1), and CO in a sample of z ~ 6 luminous quasars including
J2054-0005. Briefly, the authors have constructed PDR and XDR
models with a wide variety of parameter space in the hydrogen
density (ngn), incident radiation field, incident X-ray flux, and the
total hydrogen column density (Ny1) based on CLOUDY. The au-
thors have found that the line ratio of Licirj1ssum /Licr2—1) >
10 is achieved in PDRs, while it is < 10 in XDRs at the col-
umn density of Ng; = 10%2 cm™? E} The observed line ratio
of Licrjissum /Licr2—1) > 30 indicates that the XDR does not
strongly affect the emission lines in J2054-0005 (Decarli et al.
2022)). In conclusion, we do not find evidence in J2054-0005 that
the emission lines are strongly powered due to the AGN activity.

7 This is due to the result of X-rays penetrate deeper into the clouds than UV

photons, thus heating the cloud cores to enhance [C 1](2-1) (Decarli et al.[2022;
see also |Izumi et al.|2020) for the use of [C 11]/[C 1] to examine the presence of
AGN).
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4.2 PDR Modeling

Under the assumption that the [O 1] 63 pm and [C 11] 158 pum
lines are emitted not from XDRs but from PDRs in J2054-0005
(§4.1), we examine the PDR properties of J2054-0005 based on
comparisons of the observed line luminosities of [O 1] 63 pm, [C
1] 158 pm, and dust continuum emission (i.e., Lrir) to model
predictions. These luminosities are commonly used to examine
PDR properties (e.g., [Hollenbach & Tielens|1999; Malhotra et al.
2001). The Lionesum /Liciiissum ratio is sensitive to ng because
the line ratio strongly depends on density beyond the critical den-
sity of [C 1I] 158 pm, nu,crit. ~ 3 X 10% cm ™3, and [O 1] 63 pum
becomes an important coolant in the PDR at G /G 2 100 (Wolfire
et al[|2022). The ratio of (L{oyesum + Liciissum)/ LFIr traces
the heating efficiency (Wolfire et al.[2022).

4.2.1 Model Descriptions

We employ PDR Toolbox (PDRT; |Pound & Wolfire||2008| [2023)).
The models have two codes, the “Wolfire-Kauffman" code and the
KOSMA-tau code (Rollig et al.|2013; [Pound & Wolfire|[2023)).
Following recent observational studies of high-z quasars (e.g.,
Shao et al.|2019; Yang et al.[2019), we use the latest version of the
“Wolfire-Kauffman" code, which is referred to as the “wk2020"
model in [Pound & Wolfire| (2023). The model assumptions are
summarized in table 1 in [Pound & Wolfire| (2023). Briefly, the
model assumes a plane-parallel geometry with UV radiation field,
cosmic rays, and soft X-rays incident on one side. The model also
assumes abundances of e.g., carbon, oxygen, and polycyclic aro-
matic hydrocarbons (PAHs). The “wk2020” models have two sets
of metallicity, Z/Zs = 0.5 and 1.0. In this study, we adopt the
case of Z/Zg = 1.

The two main input parameters are the radiation field strength
in terms of Habing fields (Go = 1.6 x 1072 erg cm™2? s™!) and a
constant hydrogen nucleus density, ny. With these two parame-
ters, the model calculates local chemical equilibrium to determine
local density, solves local energy balance to estimate temperature
and pressure, and performs radiative transfer through a PDR layer
to output line intensities from one side. Thus, if more than two
intensity ratios are available, one can constrain ny and the FUV
radiation field based on comparisons of the models with observed
line intensities. Note that PDRT assumes that [C 11] 158 pum is
purely emitted from the PDR. In this study, we further assume that
[C 11], [O 1], and dust continuum emission are co-spatial, but dis-
cuss this limitation in §4.2.3]

4.2.2 Corrections to Input Luminosities

Before comparing the models to the line luminosity ratios in
J2054-0005, we apply the following three corrections to the data.
First, although we assume that the [O 1] 63 pm and [C 11] 158
pm lines are emitted from PDRs (§4.1), it is possible that the
dust continuum emission is partly powered by the AGN activity
in J2054-0005. Based on the results of multi-wavelength SED fit-
ting with CIGALE in [Salak et al.| (2024), we find that the AGN
activity contributes to ~ 78% of the FIR luminosity on the galac-
tic scale in J2054—0005ﬂ We thus adopt the far-infrared lumi-

8 Although the metallicity is not obtained for J2054-0005 in the literature due to
the lack of lines necessary to estimate it, the choice of the value is motivated by
the metallicity estimates in two similarly FIR-luminous quasars: |L1 et al.|(2020)
and |[Novak et al.|(2019) have obtained Z/Z = 1.5 — 2.1 and 0.7 — 2.0 for
J2310+1855 at z = 6.0 and J1342+0928 at z = 7.54, respectively.

9 In[Salak et al.|(2024), the fractional AGN contribution to the IR luminosity is
computed based on |Fritz et al.|(2006) that assumes three components through a
radiative transfer: primary source located in the torus, the scattered emission by
dust, and the thermal dust emission.
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Fig. 3. The FUV radiation field, G, and the hydrogen gas density, ny, that reproduce the luminosity ratios of J2054-0005. We use the “wk2020” models
of PDRToolbox QPound & Wolfire 2023». The darker red and blue shaded regions indicate the parameter space allowed by Lo163.m/ Liciijissum and
(Licjissum + Lionjesum)/ Lrir, respectively, where the black solid lines correspond to the median luminosity ratios. In this fiducial case, we have applied
the following corrections to the luminosities (see for the details); removal of the AGN contribution to Ly1r, removal of the H 11 region contribution to
Licij158um, and multiply Liorjes,.m DY a factor of two. The fiducial result, log(nu/cm~3)= 3.7 4+ 0.3 and log(G/Go) = 3.0 & 0.1, is shown by a thick black
circle. The lighter red and blue shaded regions indicate the parameter space if [O 1] 63 m is self-absorbed by a factor of two, i.e., Lo163,.m Multiplied
by an additional factor of two (see . The black dashed lines correspond to the median luminosity ratios. The result, log(na/cm~3)= 4.3 £ 0.3 and
log(G/Go) = 3.0 + 0.4, is shown by a black dashed circle. As a reference, the purple shaded region and the dotted line indicate the parameter space if
no correction is applied to Lrrr. The result, log(nuz/cm~3)= 3.4 4+ 0.4 and log(G/Go) = 3.7 £ 0.3, is shown by a black dotted circle. Two black arrows
indicate the direction of correction to account for the different spatial size of [C 1] 158 pm and dust continuum emission.

nosity from star formation activity, Lrir(PDR) = 0.22 Lpr =
(1.540.1) x 10" Lg.

Secondly, although the PDRT models assume that [C I1] 158
pm is purely emitted from PDRs, [C 11] originates from both the
HII regions and PDR in reality (e.g., [Oberst et al.|2006} [Herrera-|
[Camus et al]2016). We assume that 17% of [C 1] 158 um is
emitted from the HII regions based on a result of a similarly FIR-
luminous quasar, J2310+1855 at z = 6.CE| The
[C 11] 158 pum luminosity emitted from PDR, L{ciyj158.m(PDR),
is estimated to be 0.83 Licrissum = (2.8 £0.4) x 10° Lg.

Finally, in a more realistic geometry of spherical clouds, the op-
tically thin emission (FIR continuum and [C 11] 158 pm) would be
detected from both the front and back sides of the cloud, whereas
the optically thick emission ([O 1] 63 pm) would be detected only
from the front sideEI (Kaufman et al.|[1999; Rollig et al.||mt
Yang et al|[2019). Following previous studies (e.g.,
et al|2017} [Yang et al][2019; [Hashimoto et al|[2023), we multi-

19The contribution from the HII regions can be estimated with the luminosity
ratio of [C 11]-to-[N 11] 205 pm. However, [N 11] 205 pm is not observed in
J2054-0005.

"[C11] 158 z2m becomes optically thick at the column density of N(CT) = 5 x
1980)

10'7 em™2 at a velocity width of 4 km s~ (Russell et al. . On the other
hand, the optical depth of [O 1] 63 pm becomes unity at a column density of
N(0%) =2 x 10*7 cm ™2 at a velocity width of 1 km s~* (Wolfire et al.12022).

Because OV is present up to higher optical depth clouds than CT, [O 1] 63 um

becomes opitcally-thick faster than [C 11] 158 pum @

ply the observed luminosity of [O 1] 63 pm by a factor of two,
Lion63um,corr. = 2 Lioneaum = (9.1 £3.0) x 10° L.

4.2.3 Results of PDR Modeling

Figure [3] shows the results of PDR modeling in J2054-0005.
The darker red and blue shaded regions indicate the parame-
ter space allowed by Lionesum/Licijissum and (Licigisspm +
Lionesum)/Lrir, respectively. We obtain a fiducial result,
log(na/cm™3)=3.740.3 and log(G/Go) = 3.0+0.1, as indicated
by a thick black circle. Here, we only consider the solution with
log(G/Go) 2 1 as physically plausible following the discussion in
Brisbin et al| (2015).

Because the correction to Lgrr in is not usually ap-
plied even in the presence of AGN activity (e.g.,
2015), as a comparison, we also perform PDR modeling with
the same models without applying the correction to Lyir (purple
shaded region). As indicated by a black dotted circle, the result,
log(ni/cm %)= 3.4+ 0.4 and log(G/Go) = 3.7 £ 0.3, is shifted
toward a higher FUV radiation field compared to the fiducial case.
Given the possible uncertainty in the correction of Lrir, the FUV
radiation field of log(G/Go) ~ 3.7 can be regarded as the upper
limit.

We further discuss two considerations in the PDR modeling.
Firstly, the [O 1] 63 pm line may be self-absorbed as described
above. Given the limited quality of our data, it is difficult to




determine conclusively if the line in J2054-0005 is indeed self-
absorbed. However, by closely comparing the [O 1] 63 pm line
profile to that of [C 11] 158 pm as shown in figure[d] we can make
a tentative assessment. In this figure, we show the spectrum at a
finer resolution of 30 km s~ *. Examining the two lines in ﬁgure
if we assume that the [O 1] 63 pm line is not self-absorbed, then its
line peak is ~ 50 km s~ ! blueward of the [C 11] peak, with a line
width about half as narrow as the [C 11] line. While this scenario
is not impossible, especially if the [C 11] line is more spatially ex-
tended, it may also be hinting that some of the [O I] line has been
self-absorbed. To assess how much, a two component-gaussian fit
is made to the [O 1] data. For the fit we assume that the [O 1] emis-
sion should arise in the same regions as the [C II] so we force one
component to the same line-center and line-width as the [C 11] line,
letting only its amplitude vary. The second component is left com-
pletely unconstrained. The result of the non-linear least-squares fit
via Scipy’s ODR module is shown in figure @ The best fit model
includes an absorption component at ~ 100 km s~* with a FWHM
of ~ 80 km s~ !. Integrating the emission component we get an
estimated line-flux of 2.9 4 0.7 Jy km s~ *, about 50% higher than
if we assume the line is not self-absorbed. Given the low signal-to-
noise ratio of the spectrum, this exact value should be treated cau-
tiously, but it does suggest that the [O 1] 63 pm line in J2054-0005
may indeed be self-absorbed. To account for this possibility, we
also perform PDR modeling by multiplying the [O 1] 63 pm line
luminosity by an additional factor of twq'’| (lighter red and blue
shaded regions in figure[3). As indicated by a black dashed circle,
the result, log(nu/cm™3) = 4.3 +0.3 and log(G/Go) =3.0£0.4,
is slightly shifted toward a higher gas density.

Secondly, the [C 11] 158 pm, [O 1] 63 pm, and dust contin-
uum emission are not necessarily co-spatial. Deep ALMA imaging
has revealed extended, diffuse [C 11]-“halos” around high-z star-
forming galaxies (e.g.,|Gullberg et al.[|2018}; |Fujimoto et al.[2019,
2020; Rybak et al.|[2019; Rybak et al.|[2020; [Ikeda et al.[[2024).
Recently, based on the high-angular resolution data of [C 11] 158
pm in the ALMA-CRISTAL survey, Ikeda et al.|(2024) have found
that the spatial extent of [C 1I] can be explained by PDRs, while
the contribution from diffuse neutral medium (atomic gas) and the
effects of mergers may further expand the [C 11] line distributions.
In case of J2054-0005, high-resolution ALMA imaging indicates
that the [C 11] emission is a factor of ~ 2 more extended than dust
(Venemans et al.|2020). In ﬁgure@ we show an arrow indicating
the direction of the correction due to the extended [C I1], where
we divide the [C 1I] luminosity by a factor of two. A detailed dis-
cussion is hampered by the fact that the spatial extent of [O 1] is
not known. Future higher-resolution observation of [O 1] 63 pm is
crucial for more sophisticated PDR modeling.

4.2.4 Comparisons of Our PDR Modeling to the Literatures

In figure 5] we compare the results of J2054-0005 with the litera-
ture values. Black crosses and a black triangle show the results in
nearby star-forming galaxies (Malhotra et al[2001) and a lensed
z ~ 1 SMG (Sturm et al.|2010), respectively. These results are
obtained based on the models of [Kaufman et al.| (1999) with the
[O 1] 63 pm, [C 11] 158 pm, and IR luminosities. Black diamonds
indicate the results in non-lensed SMGs at z ~ 1 — 2 (Brisbin et al.
2015)). The authors have used the PDR models of[Pound & Wolfire
(2008) with the [O 1] 63 pum, [C 11] 158 pm, and IR luminosi-
ties. A black circle shows the result of Wagg et al.| (2020) in a

12As discussed in [Wolfire et al.| (2022), the correction to [O 1] 63 pm in the
case of self-absorption is typically 2 — 4. This is also in agreement, within the
uncertainties, with the un-absorbed flux estimated via our gaussian fitting.
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Fig. 4. The [O 1] 63 pum (orange) with error (grey) plotted over the [C 11]
line (blue) from |Wang et al.|(2013). The [O 1] 63 um line, if it is not self-
absorbed, appears narrow and has a line center (green dash-dotted) that
is ~ 50 km s~! blueward of the [C 11] line, suggesting different spatial
extent of the to emission lines in J2054-0005. If we assume that the both
lines arise in the same regions, consistent with our PDR modeling, then the
[O 1] spectrum is well described via self-absorption with a two component
gaussian model (solid black) including an emission (dashed black) and
absorption (dotted black) component.

BzK galaxy at z ~ 1. The PDR modeling is based on the mod-
els of |Wolfire et al.|(2022) with the [O 1] 63 um, CO(2-1), and
IR luminosities. Finally, we also plot the result of Wardlow et al.
(2017) who have performed PDR modeling for a stacked spectrum
of z ~ 1 —3 SMGs. The authors have used the models of |Pound
& Wolfire|(2008) and [O 1] 63 pm, [C 11] 158 pm, [Si 111] 34 pm,
and IR luminosities.

As can be seen in figure 5] the samples of nearby star-forming
galaxies and z = 1 — 3 SMGs with individual detections of [O
1] 63 pm exhibit a broad range of gas density, ranging from
log(ng/cm™3) ~ 2to > 4. The PDR properties of J2054-0005
are broadly consistent with these galaxies, however, we note that
J2054-0005 falls within the region that overlaps with the high
log(nu) objects among the star-forming galaxies. This is con-
sistent with a picture that the gas is centrally concentrated in the
quasar host galaxy, leading to the stimulation of both intense nu-
clear star formation and central supermassive black hole accretion
(e.g.,|Hopkins et al.[2008).

5 Summary

We have presented [O 1] 63 pm data of a luminous quasar, J2054-
0005 at z = 6.04 obtained with ALMA Band 9. The [O 1] 63 yum
line is detected at the peak significance level of 5.0 at the expected
position and frequency (figure [I). To date, this is the highest-z
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Fig. 5. Comparisons of the FUV radiation field, G, and the hydrogen gas
density, ny, obtained in J2054-0005 with the literature values. In J2054-
0005, three results are shown with red circles (see figure . The black
crosses show the results of nearby star-forming galaxies (Malhotra et al.
2001). The black triangle and diamonds indicate the results of a lensed
z ~ 1 SMG (Sturm et al.|2010) and unlensed SMGs at z ~ 1 — 2 (Brisbin
et al.)2015). The black circle shows a = ~ 1 BzK galaxy (Wagg et al.12020).
The region with a hatch corresponds to the result of a stacked spectrum
of 2 ~ 1 — 3 SMGs in|Wardlow et al.| (2017). J2054-0005 has the PDR
properties broadly consistent with those in the literatures.

detection of [O 1] 63 pm, and only the second case of [O 1] 63
pm detection at z > 4 after a hyper-luminous AGN, W2246-0526
(Fernandez Aranda et al.|2024). Our findings are summarized as
follows.

 In J2054-0005, the [O 1] 63 pm line luminosity is (4.5 &+
1.5) x 10° L, corresponding to Lioyesum/Lrr = (6.7%
2.2) x 10™*. We have compiled the data points of objects with
[O 1] 63 pum observations at z = 0 — 4, and compared them
with J2054-0005. In contrast to the previous [O I] 63 pum de-
tections in individual SMGs at z = 1 — 3 that show enhanced
Lio1e3um/Lrr against the local value, we have found that the
values in J2054-0005 and W2246-0526 at z = 4 — 6 are consis-
tent with those in the local universe (left panel of figure 2). In
J2054-0005, [O 1] 63 pm is as bright as [C 11] 158 pm, resulting
in Lionesum/Licinissum = 1.3 £0.5 (right panel of figure .

e Analyzing the [O 1] 63 pm spectrum and fitting a two-
component Gaussian model suggests that the [O 1] 63 ym line
may be self-absorbed. Deeper observations of the line, to sig-
nificantly detect the absorption feature are necessary to conclu-
sively determine the degree of self-absorption (figure [).

e We have performed PDR modeling with PDRT (Pound
& Wolfire| [2023) based on the Iluminosity ratios of
L[OI]63um /L[CII]IBS,um and (L[OI]Gsum + L[CII]lSSum)/LFIR-
We have carefully removed the possible contribution of AGN
activity to Lrir and H II contribution to Licrrjis8,m. We have
obtained the gas density of log(nu/cm™>)= 3.7+ 0.3 and FUV
radiation field of log(G/Go) = 3.0 £ 0.1, although the results
can slightly change if we consider the self-absorption effect on

[O 1] 63 pum. The PDR properties are in a broad agreement
with those obtained in nearby star-forming galaxies and other
z=1—3 SMGs with individual [O 1] 63 pm detections (figures
[Bland3). We note that J2054-0005 falls within the region that
overlaps with the high log(nu) objects among the star-forming
galaxies.

In this work, we have demonstrated the power of [O 1] 63 ym
to probe the dense neutral gas in high-z galaxies. Although [O 1]
63 pm is not easy to observe in z ~ 4 — 7 galaxies because the line
is redshifted in high-frequency bands of ALMA (Band 9 and 10),
a statistical sample of [O 1] 63 pm observations is crucial to study
the PDR gas in quasar host galaxies and compare them with those
in normal star-forming galaxies at similar epochs.
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