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ABSTRACT

We present results of dust continuum and [C1] 158 um emission line observations of a remarkably UV luminous (Myy
= —21.6) galaxy at z = 10.603: GN-z11. Using the Northern Extended Millimeter Array (NOEMA), observations have
been carried out over multiple observing cycles. We achieved a high sensitivity resulting in a Ay = 160 um continuum 1o
sensitivity of 13.0 uJy beam ™! and a [C 1] emission line 1 o sensitivity of 31 mJy beam™' km s using 50 kms~! binning with
a ~ 2 arcsec synthesized beam. Neither dust continuum nor [C1I] 158 um line emission are detected at the expected frequency
of vicyy = 163.791 GHz and the sky location of GN-z11. The upper limits show that GN-z11 is neither luminous in Ljr nor
Lic i), with a dust mass 3 o limit of log (Mausi/Mg) < 6.5 — 6.9 and with a [C11] based molecular gas mass 3 o limit of log
(Mol cry/Mo) < 9.3. Together with radiative transfer calculations, we also investigated the possible cause of the dust poor
nature of the GN-z11 showed by the blue colour in the UV continuum of GN-z11 (Byy = —2.4), and found that >3 x deeper
observations are crucial to study dust production at very high-redshift. Nevertheless, our observations show the crucial role of
deep mm/submm observations of very high-redshift galaxies to constrain multiple phases in the interstellar medium.

Key words: (ISM:) dust, extinction —galaxies: formation — galaxies: ISM.

of the Universe. Recently, the arrival of the JWST has opened a
completely new window to observe the very high redshift Universe.
The first few hundred million years after the big bang at redshifts JWST/NIRCam’s unprecedented sensitivity at infrared wavelengths
of z > 10 are the last major unexplored epoch in the history has enabled confident photometric information on zyp, > 10 can-

didates detected over multiple bands (e.g. Castellano et al. 2022;

Finkelstein et al. 2022; Naidu et al. 2022; Hainline et al. 2023;
* E-mail: yoshinobu.fudamoto @ gmail.com Harikane et al. 2023). At the same time, spectroscopy with JWST

1 INTRODUCTION

© 2024 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.

Gz0z Aieniga4 /0 uo Jasn uaiasH qooer Aq 68621 9.//0vE/L/0ES/a0Ie/seIuW/woo dno olwapede//:sdiy Woll papeojumod]


http://orcid.org/0000-0001-7440-8832
http://orcid.org/0000-0001-5851-6649
http://orcid.org/0000-0002-2662-8803
http://orcid.org/0000-0003-1641-6185
http://orcid.org/0000-0003-0348-2917
http://orcid.org/0000-0002-7779-8677
mailto:yoshinobu.fudamoto@gmail.com
https://creativecommons.org/licenses/by/4.0/

obtained multiple emission lines in the rest-frame UV to optical
wavelength, providing unambiguous spectroscopic redshifts (e.g.
Morishita et al. 2022; Roberts-Borsani et al. 2022; Boyett et al.
2023; Cameron et al. 2023; Matthee et al. 2023; Williams et al.
2023; Bunker et al. 2023b) and unprecedented diagnostic power of
interstellar medium (ISM) properties for the first time (e.g. Tacchella
et al. 2022; Carnall et al. 2023; Laseter et al. 2023; Nakajima et al.
2023; Sanders et al. 2023). This started to reveal a detailed picture
of galaxy formation at z > 10, which was extremely challenging
to reach before the JWST era (see Madau & Dickinson 2014, for a
review).

GN-z11 is the highest redshift galaxy identified using the Hubble
Space Telescope (HST) and the Spitzer Space Telescope (Oesch et al.
2016). GN-z11 was first identified from HST imaging data from the
Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS: Bouwens et al. 2010; Grogin et al. 2011; Koekemoer
et al. 2011). In particular, it lies in the deepest area of CANDELS
in the north Great Observatories Origins Deep Survey (GOODS)
field at RA, Dec. = 12:36:25.46, +-62:14:31.4 (J2000).GN-z11 was
found to be the brightest galaxy candidate at z > 10 (Bouwens et al.
2015; Oesch et al. 2015). From HST WFC3/IR G141 slitless grism
spectroscopy, the galaxy had a redshift of zggm = 1 1.09f8:?§ through
the identification of the Ly o continuum break (Oesch et al. 2016).

Due to the extremely high ultraviolet (UV) luminosity of Myy
= —21.6, detailed JWST observations of GN-z11 have already
been performed. The JWST Advanced Deep Extragalactic Survey
(JADES; Eisenstein et al. 2023) obtained deep JWST NIRSpec slit
spectroscopy and confirmed its redshift to be z = 10.6034 £ 0.0013
based on detections of multiple emission lines (Bunker et al. 2023a).
Together with photometric information obtained with JWST NIRCam
imaging, studies confirmed that GN-z11 is the most UV luminous
galaxy at z > 10 known to date (e.g. Hainline et al. 2023; Harikane
et al. 2023). In particular, the extremely compact morphology
(R. = 64 £ 20 pc; Tacchella et al. 2023) and the large UV luminosity
(Myy = —21.6 &£ 0.02; Tacchella et al. 2023) suggest that GN-z11
could represent very early onset of active galactic nucleus (AGN)
activity (Maiolino et al. 2023a) or that it shows possible signatures
of Population III stars in its surrounding blob (Maiolino et al. 2023b).
At the same time, the significant detection of nitrogen emission lines
(N1v] 1486 A and N 1] 1750 A) and the large overabundance seen
in the N/O ratio could require a new scenario of nitrogen production
and/or oxygen depletion (Cameron et al. 2023), such as the formation
of supermassive stars through stellar collisions in an extremely dense
environment (Charbonnel et al. 2023).

With the newly obtained detailed observations from
JWST/NIRCam and JWST/NIRSpec, GN-z11 remains one of
the most important galaxies at z > 10 to understand gas fuelling
mechanism for galaxy growths and dust production in the early
Universe. To fully understand the formation of this remarkably
luminous galaxy and to constrain the formation mechanisms of
massive galaxies at z > 10, it is essential to investigate multiple
components of its interstellar medium (ISM) as well as dust
formation and dust-obscured star formation activity. In addition
to the rest-frame UV images and spectra, information about the
dust and neutral ISM properties from rest-frame far-infrared (FIR)
spectroscopy is thus required to provide a comprehensive picture
arising from observations covering a wide wavelength range (see
Carilli & Walter 2013; Hodge & da Cunha 2020, for reviews).

Here, we report millimetre wavelength observations of GN-z11
using the Northern Extended Millimeter Array (NOEMA), targeting
the dust continuum and the [C 1] 158 um emission line. Using the
highly sensitive data obtained for GN-z11, we constrain its ISM
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properties, dust-obscuration, as well as dust production efficiency by
comparing with dust enrichment and geometry models from Ferrara
et al. (2022).

This paper is organized as follows: in Section 2, we summarize the
NOEMA observations so far performed for GN-z11. In Section 3,
we present our data analysis and measurements for the [C11] 158 um
emission line and A ~ 160 um dust continuum. In Section 4, we
present the results. We present discussions in Section 5. Finally,
we conclude with the summary in Section 6. Throughout this
paper, we assume a cosmology with (£2,, Q4, h) = (0.3, 0.7,
0.7), and the Chabrier (Chabrier 2003) initial mass function (IMF),
where applicable. With these cosmological parameters, 1 arcsec
corresponds to 4.0kpc in proper coordinate and the luminosity
distance is 1.11 x 10° Mpc at z = 10.603.

2 OBSERVATIONS

2.1 NOEMA observations

Over the past years, NOEMA has targeted GN-z11 to search for the
[C1] 158 um emission line based on the redshift estimated from its
early photometric and grism data from HST to explore its emission
in the FIR. Deep NOEMA observations were conducted as separate
observation projects across four cycles in the years 2014, 2016, 2018,
and 2019. We summarize these observations in the following:

Observations in 2014: Using the WideX correlator, GN-z11
was observed by scanning the frequency range between 161.9
and 176.3 GHz (PI: C. Carilli). With six antennae, four different
frequency settings were used. Each tuning has a 3.6 GHz bandwidth.
The total on-source time was 46.6 h, most of the data were taken in
good to excellent conditions, and little flagging was required. The
spectral scan observations aimed to search for [C I1] 158 yum emission
line covering redshifts of z ~9.78 — 10.74, i.e. a photometric redshift
range estimated based on the HST and Spitzer photometry (Bouwens
et al. 2015; Oesch et al. 2015).

Observations in 2016: Using a single tuning with the WideX
correlator, GN-z11 was observed with eight antennae (PI: F. Walter
and P. Oesch). The on-source time was 5.2 h in good weather
conditions. Data calibration was done in a standard manner at IRAM,
and only minor flagging was required. The frequency between
155.2and 158.8 GHz was tuned to target [C1I] emission line at
redshifts between 10.97 and 11.25 based on the updated redshift
estimation using the HST grism spectroscopy (Oesch et al. 2016).

Observations in 2018: Deeper spectral scans were performed for
GN-z11 with nine antennae and with the newly installed Polyfix
correlator in 2018 (PI: F. Walter and P. Oesch). With a total on-
source time of 17.4 h, two Polyfix tunings were used to cover the
frequency range between 152.9 and 163.6 GHz. These observations
aimed to observe [C 1I] within the redshift range of z;c; = 10.62 —
11.43. Compared to the 2016 observations, these observations were
deeper and covered a wider frequency range. The weather conditions
were good. Data calibration was performed in a standard manner at
IRAM, and minor flagging was required.

Observations in 2019: Follow-up observations of GN-z11 were
again performed with 10 antennae with the Polyfix correlator (PL: F.
Walter and P. Oesch). Total on-source time was 11.4 h. A single tun-
ing of the Polyfix correlator covered 156.9 — 164.6 GHz, covering
[C11] redshifts between zjc; = 10.55 — 11.11. Weather conditions
were generally good and minor flagging was required. We note that
the observations in 2019 eventually covered the [CII] emission line
from the actual spectroscopic redshift (zspec = 10.60; Bunker et al.
2023a) of GN-z11 using the updated NOEMA interferometer.
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All the calibrations of phase, absolute flux, and amplitude were
performed using the GILDAS software! with the support of IRAM
astronomers.

2.2 JWST observations

We obtained near-IR (NIR) images of GN-z11 from a JWST cycle-
1 medium programme entitled ‘First Reionization Epoch Spectro-
scopic Complete Observation’ (FRESCO; Oesch et al. 2023). We
used the F444W image as a sky location prior for extracting a
spectrum and searching for dust continuum emission associated with
GN-z11. A comprehensive description of the survey design, data
reduction, and analysis can be found in Oesch et al. (2023).

Using JWST NIRCam (Rieke, Kelly & Horner 2005), FRESCO
performed deep slitless grism observations in the northern and
southern GOODS/CANDELS fields using F444W filters with a
medium spectral resolution of R = 1600. Simultaneously, broad-
and medium-band images of the fields were acquired using the
FA444W, F210M, and F182M bands. The imaging integration times
were 0.26, 1, and 1.2 h per pointing for F444W, F210M, and F182M
bands, respectively. The data were reduced using the GRIZLI software
(v1.7.11), which s publicly available (Brammer 2018; Brammer et al.
2022). The 5 o depth of the observations for the F444W imaging is
~ 28.2 mag for imaging observations (Oesch et al. 2023).

3 ANALYSIS

3.1 Dust continuum, IR luminosity, and dust mass

Using the GILDAS package CLIC, the combined continuum UV table of
GN-z11 was made using all existing NOEMA data. We then imaged
the continuum data using the GILDAS MAPPING package using a pixel
size of 0.4 arcsec. The resulting continuum map has a synthesized
beam full width at half-maximum (FWHM) of 2.05 arcsec x 1.83
arcsec, and an RMS of 13 uJybeam ™. In the continuum image, we
only find a ~ 2 o signal ~1 arcsec offset from GN-z11, and found no
clear signals co-located with the JWST NIRCam F444W detection
of GN-z11 (Fig. 1). Thus, we concluded that the dust continuum of
GN-z11 is not detected from the existing NOEMA observations.

As the dust continuum is not detected, we estimated upper limits
for the dust continuum emission and IR luminosity. Using the RMS
of the continuum image, we obtained a 3 o upper limit of < 39 uJy.
The upper limit of IR luminosity is then estimated by assuming an
FIR spectral energy distribution (SED) for the GN-z11 by integrating
a modified blackbody function between the rest-frame wavelength
of 8 — 1000 um. In particular, we assumed a dust temperature of
Ty = 82K by extrapolating a dust temperature evolution estimated
in Sommovigo et al. (2022).2 The derived dust temperature of 82 K
is much higher (by 2 30 K) than those of z ~ 7 galaxies (e.g. Algera
et al. 2024) but consistent with that currently estimated from one of
the highest redshift dust detection at z = 8.31 (> 80 K; Bakx et al.
2020). We discuss impacts of assuming a lower dust temperature in
Section 3.1.1. We also assumed a dust emissivity index of § = 2.0 as
is also assumed when estimating 7y in Sommovigo et al. (2022), and
applied a correction of the cosmic microwave background (CMB)
attenuation based on da Cunha et al. (2013). Due to the high CMB

Uhttps://www.iram.fr/IRAMFR/GILDAS/

2We assumed transmissivity of the ISM to be 7'= 0.9 as assumed by Fujimoto
etal. (2022), and a gas phase metallicity of 0.04 Z, obtained in the SED fitting
in Tacchella et al. (2023).
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Figure 1. 8 arcsec x 8 arcsec cutout of the JWST F444W image obtained
by the FRESCO JWST survey (background; Oesch et al. 2023) and dust
continuum (contours) of GN-z11: solid contours show 1o and 2 o and dashed
contours show —30, —20, —lo where 10 = 13.0 uly beam™!. The filled
ellipse in the lower left corner shows the synthesized beam FWHM of the
combined dust continuum image (2.1 arcsec x 1.8 arcsec).

temperature of 31.7 K at z = 10.603, the CMB attenuation with the
assumed dust temperature is large and we need to multiply the dust
continuum emission by 1/0.88. Finally, we obtained a 3 o upper limit
for the IR luminosity of < 3.6 x 10" L.

Using the 30 continuum upper limit and the assumed dust
temperature of 7y = 82K, we estimated a dust mass upper limit
in GN-z11. We used a dust mass absorption coefficient of xgq(Ares) =
30 x (100 um/Aes)? cm? g=! (Inoue et al. 2020), which is estimated
as a typical value from different dust compositions and temperatures
using laboratory experiments (e.g. Mennella et al. 1998; Chihara,
Koike & Tsuchiyama 2001; Boudet et al. 2005). We then applied
a correction for the CMB and obtained a dust mass upper limit of
log (Mq/Mg) < 6.5 (30).

3.1.1 Dust temperature uncertainty

The typical dust temperature of star-forming galaxies at very high
redshift is unconstrained from observations. Moreover, the assumed
dust temperature has a large impact on the estimated IR luminosity
(see discussion e.g. by Ferrara et al. 2017; Ma et al. 2019; Faisst
et al. 2020; Fudamoto et al. 2020; Lower et al. 2023). Especially,
our assumed dust temperature is much higher than those directly
measured in lower redshift galaxies (e.g. Ty ~ 45K atz ~5 — 7,
Liang et al. 2019; Béthermin et al. 2020; Faisst et al. 2020; Algera
et al. 2023). Thus, to test the assumed dust temperature and to
understand its impact on the IR luminosity upper limit, we employed
an alternative method to estimate a dust temperature limit.

We tested the assumed dust temperature using the FIS22 code
presented in Fudamoto, Inoue & Sugahara (2022). FIS22 uses
simple assumptions about star-to-ISM geometry and the radiation
equilibrium between dust attenuation and re-emission. Using the
measured size of the star-forming region, the code allows us to
obtain estimations of dust temperature from a single FIR continuum
observation. To estimate the limit, we assumed the size of the
star-forming region from the UV emission (i.e. R, = 64 = 20kpc;
Tacchella et al. 2023), and the average ISM clumpiness parameter
of log &, = —1.02 as found in Fudamoto et al. (2022). With a fixed
size and an upper limit on FIR emission, we are able to obtain
a lower limit on dust temperature. With the assumed dust size
and UV luminosity of Lyy = 7.40 & 0.01 x 10" L, we obtained

Gz0z Aieniga4 /0 uo Jasn uaiasH qooer Aq 6862 19./0vE/L/0ES/al0Ie/seIuWw/woo dno olwapese//:sdiy woll papeojumod


https://www.iram.fr/IRAMFR/GILDAS/

Table 1. Measured properties of GN-z11 from NOEMA observations.

NOEMA measurements

ficm < 29mlJykms™! (30 limit)

log (Licm/Lo) <8.2 (3 o limit)

fconl, 160 pum < 39 uly (30 limit)

log(Lr /Lo) <12.5 (with Ty = 82K)
<11.9 (with Ty = 54K)

log(Mq / Mp) <6.5 (with Ty = 82K)

<6.9 (with Tg = 54K)
and kg (Arest) = 30 x (100 Mm/)\rest)ﬁ sz g_l)

Ty > 54K. The derived lower limit indeed supports the high dust
temperature of T4 assumed in our calculation. We note that the
estimated dust temperature and its limit is still uncertain as the
method assumes that the dust has the same spatial distribution as
the UV emission. Nevertheless, we use the Ty = 54K as a lower
limit case as it currently gives the lowest Ty estimation.

In this lower limiting dust temperature case of Ty = 54 K, we find
the 3 o upper limit of IR luminosity to be < 7.7 x 10" L, (i.e. ~x5
smaller than that found by assuming 7y = 82 K). We further noticed
that a dust temperature assumption lower than 50 K does not change
the IR luminosity upper limit as the CMB correction becomes large
and mitigates the difference of the dust temperature assumption.
Thus, a systemic uncertainty of a factor ~5 is very conservative.
In the following discussions, we derive several estimates based on
assuming the 82 and 54 K dust temperatures.

All the estimated quantities are summarized in Table 1.

3.2 [C] 158 um emission line

The sky frequency of the [C1I] 158 um emission line of GN-z11,
Vici—-sky = 163.791 GHz, is covered by the observations in 2014
and 2019. From these observations, we focus on the observations of
2019 in our analysis which has much higher sensitivity than that of
2014 by using upgraded receivers with 10 antennae. Using the GILDAS
MAPPING package, we created a data cube with 50kms~! spectral
binning with a pixel angular size of 0.4 arcsec. The resulting data
cube has an RMS of ~ 0.31 mJy beam™" in the 50 km s~ binning at
v = 163.791 GHz.

We then extracted a spectrum of GN-z11 using a circular aperture
with a radius of r = 1 arcsec on top of the JWST detection of GN-
z11 (left panel of Fig. 2). The 1 arcsec radius is consistent with the
NOEMA beam size. At the frequency of [C11] at z = 10.603, we only
find < 1o signals in the spectra. To search for any spatially off-set
signals, we further created a [C 11] 158 pm emission moment-0 map.
To create the [C 1I] moment-0 image, we assumed the line width of
[C 1] emission to be 150 km s™", which is consistent with recent FIR
emission line observations of z > 9 galaxies (e.g. Hashimoto et al.
2018). In the surrounding area of the GN-z11, we only find ~ 1o
signals (Fig. 2) which is much lower than the typical secure detection
thresholds for lines with well-known sky location and spectroscopic
redshift (e.g. > 3.5 o; Béthermin et al. 2020). Based on these results,
we concluded that the [C11] 158 um emission line is not detected in
the current NOEMA data.

Based on the non-detection, we measured a 3 o upper limit of the
[C1] emission line luminosity by measuring three times the pixel-
by-pixel RMS of the moment-0 map. We obtained a 3o [C11] flux
upper limit of 0.087 Jykms™', and Lic iy upper limit of GN-z11 of
< 1.7 x 108 Lg,.

All the estimated quantities are summarized in Table 1.

C 11 line and dust constraints of GN-z11 343
4 RESULTS

4.1 Dust obscured star formation activity of GN-z11

With the relatively high upper limit of Lig, the dust-obscured star
formation rate (SFR) is only weakly constrained with SFR <
430Mg yr~! with Ty = 82K and < 92Mgyr~! with Ty = 54K
assuming a conversion of SFRg = 1.2 x 107" Lix Mg yr' L3}
(Madau & Dickinson 2014; Inami et al. 2022). The weak upper
limit on SFRyr despite the deep continuum observations is due to
the assumed high dust temperature of 7y = 82 and 54 K. Using these
limits, the infrared excess (IRX = log (Lyy/Lr); Meurer, Heckman
& Calzetti 1999) 3 o limit of GN-z11 is estimated to be >—0.9 to
>—1.5. To further constrain the dust obscured star formation activity
of GN-z11, accurate constraints on the dust temperature is essential
via deep observations at wavelengths < 1 mm.

With the estimated stellar mass of ~ 10° Mg, (Tacchella et al.
2023), the dust mass upper limit shows a stellar-to-dust mass ratio
of £4 < 0.003 for Ty = 82K and &4 < 0.008 for Ty = 54 K. These
limits are consistent with typical values in lower redshift galaxies
(e.g. Calura et al. 2017; Dayal et al. 2022).

4.2 [C1] 158 um emission line

To compare the star formation activity and Lc  of GN-z11, we
adopted the total SFR of 21722 M, yr~! obtained in the SED fitting
in Tacchella et al. (2023). We find that based on the upper limit Lic
from our measurement, GN-z11 has Lc consistent with or slightly
smaller than that of low redshift similarly star-forming galaxies
(Fig. 3). Although few observational studies of the SFR-Lc ; relation
for galaxies at z > 10, this shows that the [C 1I] luminosity of GN-z11
is not enhanced compared with the relation obtained for star-forming
galaxies at lower redshifts.

The existence of an AGN was proposed in GN-z11 based on
the significant detection of [Nelv] 12423 using deep NIRSpec
observation (Maiolino et al. 2023a). If the rest-frame UV emission
of GN-z11 is dominated by AGN activity, the SFR of GN-z11 might
be overestimated and thus our constraints on the SFR-L;c y relation
of GN-z11 should be lifted. Further, to conclusively compare with
metallicity dependent [C 11] — SFR scaling relations (e.g. Vallini et al.
2015), deeper [C 11] observations are required.

5 DISCUSSION

5.1 Molecular gas mass and gas depletion time-scale at z = 10.6

Recent studies showed that the dominant fraction of [C11] 158 um
emission lines arise from neutral gas, such as neutral photo-
dissociation regions (PDRs). In particular, luminous galaxies typ-
ically have > 80 per cent of the [C1I] emission originate from the
PDRs (Diaz-Santos et al. 2017). For high-redshift galaxies, this
feature is further supported by detailed calculations and observations
of emission lines arising from H Il regions (Decarli et al. 2014, 2022;
Witstok et al. 2022). This makes the [C1I] 158 um emission line an
excellent tracer of star-forming neutral gas (e.g. Zanella et al. 2018;
Sommovigo et al. 2021, see also Madden et al. 2020 for metallicity
dependence of the [C1I] to the molecular gas mas conversion factor).

Using the formalism presented in Zanella et al. (2018), we
estimate the upper limit of the molecular gas mass of GN-z11 to be
log (Mmoi/Mg) < 9.7. With the estimated stellar mass of ~ 10° M,
(Tacchella et al. 2023), the molecular gas fraction (fiel = Mmot/(Mtar
+ Muo1)) of GN-z11 is fipo < 0.83 (3 ). The upper limit from the
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Figure 2. Left panel: The NOEMA spectrum of GN-z11 with 50 kms~! binning. The solid lines across the entire frequency range show the RMS of each
channel. The NOEMA observation covers [C11] 158 um emission line of GN-z11 at the observed frequency of vops = 163.84 GHz with the zspec = 10.60
(vertical line). From the data cube and extracted spectrum, we do not find any signal of the [C1I] emission line. Right panel: 8 arcsec x 8§ arcsec cut-out of
JWST FA444W image (background) and [C 11] emission line moment-0 map (contours) of GN-z11. Contours show 1o, 20, and 30 and dashed contours show
—30, —20, and —lo. The moment-0 map of the data cube is made by integrating over the 150 km s~ of the [C 1] emission line frequency. RMS of the image

is 29 mJy kms~!, providing a 3 & upper limit of [C 11] luminosity < 1.7 x 103 L.

10.0L= Low-z galaxies (De Looze+14) 7
T[] ==~ ALPINE fits: z~ 4 — 6 (Schaerer+20) | 7

® ¥ z > 6 galaxies L

9.5

8.5

8.0r
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6.5 f 1 1 i i 1
0.0 0.5 1.0 15 2.0 2.5 3.0

log(SFR) [Me/yr]

Figure 3. SFR versus [C1I] emission line luminosity of GN-z11. Previous
observations of z > 6 are also plotted with grey points (Harikane et al. 2020;
Schouws et al. 2023; Fudamoto et al. 2023 and references therein). Downward
triangles show 3 o upper limit in case of non-detections. Lines show previ-
ously obtained relations for low- and high-redshift galaxies (solid: Schaerer
etal. 2020, dashed: De Looze et al. 2014). For the SFR of GN-z11, we adopted
the SED fitting results of 21732 M yr~! from Tacchella et al. (2023).

[C11] observations is largely consistent with lower redshift galaxies
(Fig. 4).

‘We checked the estimation with the Kennicutt—Schmidt law (e.g.
Kennicutt & Evans 2012). Although it is unknown if the Kennicutt—
Schmidt law found in lower redshift Universe is applicable to high-
redshift galaxies, we found total gas mass of log (Mg,/Mg) = 8.8
by using the relation found in Daddi et al. (2010) and the SFR of
21 Mg, yr~! (Tacchella et al. 2023). We found the estimated value is
consistent with the upper limit derived from the upper limit of [C 11]
luminosity, although the derived value could be largely uncertain
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Figure 4. Evolution of the molecular mass fraction (fmolgas =
Mmolgas/(Mmolgas + Mitar0)) across a wide redshift range. Various indi-
cators are used to estimate molecular gas mass: CO emission lines and
dust continuum at z < 4 (Dessauges-Zavadsky et al. 2017; Scoville
et al. 2017; Tacconi et al. 2018; Tacconi, Genzel & Sternberg 2020,
see also Boogaard et al. 2020), [C1] emission lines at 4 < z < 6
from the ALMA Large Program to Investigate C+4 at Early Times sur-
vey (ALPINE; Dessauges-Zavadsky et al. 2020), and at z ~ 7 from
the Reionization Era Bright Emission Line Survey (REBELS; Aravena
et al. 2024).Data points for the z < 8 samples represent mean values and
errorbars are 16th to 84th percentiles within the distribution. Upper limit of
GN-z11 is within the range of z > 4 galaxy observations.

due to the uncertainty of the Kennicutt—Schmidt law in the very high
redshift Universe.

With the estimated SFR of 21 Mg yr~! (Tacchella et al. 2023)
and the molecular gas upper limit of log (Mpyo/Mg) < 9.7 from the
[C11] observation, the upper limit of the molecular gas depletion time
of GN-z11is tgepy < 0.2 Gyr (3 o). There are two possible uncertain-
ties for the estimated gas depletion time. One is an uncertainty of the
contribution from the AGN to the UV luminosity, which could make
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the SFR estimation uncertain. Another is the possible high neutral
atomic-to-molecular gas fraction in the ISM. Simulations, indeed,
suggest significant fractions of neutral gas exist as an atomic phase
in low mass galaxies, although the estimations are uncertain due to
systemic uncertainties (e.g. Diemer et al. 2018). While these possible
uncertainties could exist, the currently estimated molecular gas mass
and the SFR suggests that GN-z11 might deplete all molecular gases
before z 2 8, unless molecular gas is rapidly replenished by accretion.

Recent CO and [CI] emission line observations using z ~ 6 AGNs
suggest that [C 11] based molecular gas mass measurements could be
systematically higher by ~ 0.5 dex compared with those estimated
from [C1] and/or CO observations (Neeleman et al. 2021; Decarli
et al. 2022). Thus if the ~ 0.5 dex overprediction is the case for
our estimations, the upper limit might need to be systematically
lowered, providing stronger constraints. Deeper observations of the
[C 1] emission line and observations of other molecular gas indicator
(e.g. emission lines from [C 1] and/or CO) will be crucial to further
constrain these essential parameters of galaxy growth.

5.2 Expected dust opacity and constraints on the dust
formation

Here, we compare our dust continuum upper limits with recent
theoretical analysis of z > 10 UV luminous galaxies (e.g. Ferrara,
Pallottini & Dayal 2023).

Ferrara et al. (2023) discussed that the JWST based finding of very
blue and compact galaxies was surprising. Indeed, the observed dust
optical depth at the rest-frame 1500 A deduced for GN-z11 is 7500
= 0.49 (corresponding to Ay = 0.17, Bunker et al. 2023b). This low
value does not agree with the expected dust optical depth estimated
from the extremely compact effective radius (r. = 64 pc; Tacchella
et al. 2023) and the dust mass associated with the estimated massive
stellar mass (~ 10° M,). By assuming a standard dust-to-stellar mass
ratio &4 ~ 0.002, appropriate for a Salpeter IMF (1 — 100 M) and a
dust yield of 0.1 Mg per supernova, we estimate a dust mass of My ~
10° Mg, (e.g. Hirashita et al. 2014). This simple estimate of dust mass
is consistent with the estimated age of GN-z11 (18 Myr; Bunker et al.
2023a) and recent stellar evolution tracks (e.g. Schaerer et al. 2022).
If UV and dust are co-located in the tiny ~ 64 pc region, using the
calculation performed in Ferrara et al. (2023), we estimated that the
resulting optical depth would be 7,500 ~ 500, i.e. far exceeding the
observed value.

The dust envelope can be made less opaque if the dust has a
spatial distribution that is much more extended than the stellar re. In
particular, assuming a spherical dust distribution, the observed value
71500 = 0.49 is recovered if the dust distribution is expanded out
tor~ 30 x re to 100 x re (i.e. ~ 2 to ~ 6.4kpc). Physically, this
configuration can be achieved, for example as a result of an outflow
emanating from the galaxy. The presence of radiation-driven dusty
outflows could arise from the super-Eddington nature of galaxies like
GN-z11 (Ferrara et al. 2023; Fiore et al. 2023; Ziparo et al. 2023).

In our observations, we find a A,y = 160 um dust continuum
of < 13 uly at 1o (< 26 uly, 20). This value is higher than the
predicted one at any stage during the outflow expansion. In fact,
when the outflow has expanded the dust distribution so as to produce
the observed value of 7509, we predict that the 160 um flux should
be 4.5 uJy, hence about 3 times below our upper limit. Clearly,
uncertainties are related to the assumed value of &4. The present
observations, however, can be used to obtain a limit on &4 < 0.014
at 1o (§4 < 0.32 at 20), which translates a predicted upper limit
on the dust mass of < 7 x 10° Mg, (< 1.6 x 108 My,). Thus, at least
3 x deeper continuum observations would be crucial to provide
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constraints on dust formation at z > 10 and to test the proposed
scenario to explain the very blue colour of high-redshift massive
compact galaxies.

6 CONCLUSION

In this paper, we present results based on NOEMA observations of
GN-z11 targeting the [C11] 158 ym emission line and the underlying
dust continuum from a UV luminous star-forming galaxy GN-z11 at
z = 10.60. We found the following results:

(i) Although NOEMA observations were extremely deep and
covered the sky frequency of the [C1I] 158 um emission line, we
did not detect either [C11] 158 um or dust continuum. We reported
3 o upper limits of the [C IT] luminosity (Lic < 1.7 % 108 Lo) and
the IR luminosity (Lg < 3.6 x 102 Lg).

(ii) Based on the upper limits, we found that GN-z11 is not bright
either in [C11] emission or dust continuum. The upper limit Ljcy; of
GN-z11 is consistent or could be slightly smaller than that predicted
from the SFR-Lc relation observed from lower redshift galaxies at
z < 8.

(iii) As [C11] emission mostly traces the neutral ISM, we estimate
a molecular gas mass for GN-z11 using the relation in Zanella
et al. (2018). We find an upper limit of M, < 5.0 % 10° Mg, and
a depletion time of < 0.2 Gyr, suggesting that the GN-z11 could
deplete all the star-forming gas by z = 8.

(iv) The blue colour (8 = —2.4) suggests that GN-z11 is dust
poor, which is consistent with the non-detection of dust continuum.
The current upper limit is > x2 above the expected continuum flux
density expected assuming typical dust production.

Our observations of GN-z11 showcase the crucial constraints that
submm/mm observations can provide for very early galaxies.
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