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Abstract

We present Atacama Large Millimeter/submillimeter Array (ALMA) Band 7 observations of a remarkably bright
galaxy candidate at = -

+z 16.7phot 0.3
1.9 (MUV=−21.6), S5-z17-1, identified in James Webb Space Telescope (JWST)

Early Release Observation data of Stephen’s Quintet. We do not detect the dust continuum at 866 μm, ruling out
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the possibility that S5-z17-1 is a low-z dusty starburst with a star formation rate of 30 Me yr−1. We detect a 5.1σ
line feature at 338.726± 0.007 GHz exactly coinciding with the JWST source position, with a 2% likelihood of the
signal being spurious. The most likely line identification would be [O III]52 μm at z = 16.01 or [C II]158 μm at
z = 4.61, whose line luminosities do not violate the nondetection of the dust continuum in both cases. Together
with three other z 11–13 candidate galaxies recently observed with ALMA, we conduct a joint ALMA and
JWST spectral energy distribution (SED) analysis and find that the high-z solution at z∼ 11–17 is favored in every
candidate as a very blue (UV continuum slope of ;−2.3) and luminous (MUV; [− 24:−21]) system. Still, we
find in several candidates that reasonable SED fits (Δχ2 4) are reproduced by type II quasar and/or quiescent
galaxy templates with strong emission lines at z∼ 3–5, where such populations predicted from their luminosity
functions and EW([O III]+Hβ) distributions are abundant in survey volumes used for the identification of the
z∼ 11–17 candidates. While these recent ALMA observation results have strengthened the likelihood of the high-z
solutions, lower-z possibilities are not completely ruled out in several of the z∼ 11–17 candidates, indicating the
need to consider the relative surface densities of the lower-z contaminants in the ultra-high-z galaxy search.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxy formation (595); Galaxy
evolution (594)

1. Introduction

One of the major goals in modern astronomy is to understand
when and how the first stars, black holes, and galaxies emerged
in the Universe. Despite the effort of exploring high redshifts at
z> 10—the first few hundred million years in our history of the
Universe—only a single galaxy has been spectroscopically
confirmed (GN-z11 at z; 11; Oesch et al. 2016; Jiang et al.
2021). Because characterizing this first of stars and galaxies
would bring a unique knowledge on the very first stellar
populations and their impact on the early phases of galaxy
evolution, and on the reionization, pushing this redshift frontier
to the brink of the Big Bang and revealing the objects in the
very first generations is a key driver of observational
cosmology.

From its first few weeks of science operations and months by
now, James Webb Space Telescope (JWST) has sparked a
revolution of the effort to discover and study galaxies at very
early cosmic epochs. Three early JWST observing programs
have been carried out, the data of which was immediately made
public: Early Release Observations (ERO; Pontoppidan et al.
2022; PID 2736) for the gravitational lens galaxy cluster
SMACS J0723.3-7327 and Stephan’s quintet field, and two
Director’s Discretionary Early Release Science (DD-ERS)
programs: GLASS-JWST (PID 1324) and CEERS (PID 1345).
All three programs include NIRCam imaging through multiple
filters from 1–5 μm, suitable for identification of candidates for
very-high-redshift objects using photometric redshifts and/or
multicolor selection criteria (e.g., Adams et al. 2023; Atek et al.
2023; Bouwens et al. 2023; Castellano et al. 2022; Donnan
et al. 2023; Finkelstein et al. 2022; Harikane et al. 2023b;
Labbe et al. 2023; Morishita & Stiavelli 2023; Naidu et al.
2022b; Yan et al. 2023). Discounted initial zero-point
calibration issues, their number, and brightness are surprising
and considerably exceed most pre-JWST predictions (e.g.,
Ferrara et al. 2023; Mason et al. 2023; Finkelstein et al. 2023).
These results indicate either the early Universe was more
prolific at forming galaxies than modern simulations predict
with a potential strong implication on galaxy formation models
(e.g., Finkelstein et al. 2023), or there is significant foreground
contamination in these early JWST high-z samples.

In this context, two of the most unique, highest-z candidates
are CEERS-93316 and S5-z17-1 identified in the CEERS and
Stephan’s Quintet fields, respectively (Donnan et al. 2023;
Harikane et al. 2023b). These candidates exhibit a clear
“dropout” color signature and blue continuum slopes in

NIRCam filters, interpreted as the redshifted Lyα break at
z; 17 in both sources. These candidates are securely detected
in the NIRCam filters at >10σ levels with remarkably bright
ultraviolet (UV) magnitudes of 26.3 mag and 26.6 mag (AB),
corresponding to the absolute UV magnitudes of ∼−22 at
z= 17. In addition to the DSFG population, Naidu et al.
(2022a) argued that similar NIRCam photometry is also
reproduced by the active galactic nuclei (AGNs) in quiescent
galaxies (QGs) at z∼ 5, with an additional environmental
evidence: all three of the galaxy’s nearest neighbors at <2 5
have photometric redshifts of z∼ 5, and the object could lie in
a z∼ 5 galaxy overdensity that is ∼5× overdense compared to
the field.
Recent Atacama Large Millimeter/submillimeter Array

(ALMA) observations have detected millimeter emission from
a significant population of “H-dropout” galaxies, undetected in
Hubble Space Telescope (HST) WFC3-IR imaging, with the
dropout feature even by >3 mag between HST/F160W and
Spitzer/IRAC ch1 (e.g., Wang et al. 2019). These galaxies are
most likely massive DSFGs at z∼ 3–5 (e.g., Fujimoto et al.
2016; Franco et al. 2018; Wang et al. 2019; Williams et al.
2019; Yamaguchi et al. 2019; Sun et al. 2021; Barrufet et al.
2023; Pérez-González et al. 2023; Rodighiero et al. 2023).
Moreover, these optical and near-infrared (NIR) faint DSFGs
have been routinely identified in a serendipitous manner,
originally targeting nearby massive galaxies (e.g., Romano
et al. 2020; Fudamoto et al. 2021; Fujimoto et al. 2022). This
implies that the presence of the optical-NIR faint DSFGs traces
the massive dark matter halos in the early Universe (e.g., Wang
et al. 2019; Zhou et al. 2020). Therefore, the tentative SCUBA2
detection and the potential overdensity environment are in line
with the properties of the z∼ 3–5 DSFGs recently identified in
the H-dropout objects. Before concluding that CEERS-93316
and S5-z17-1 are remarkably bright z∼ 17 galaxies, it is
essential to rule out or confirm the lower-z solution via further
observations.
In this paper, we present ALMA Band 7 DDT follow-up for

S5-z17-1, which is one of these remarkably UV-bright z∼ 17
candidates discovered in JWST ERO data of Stephan’s Quintet.
This is the first far-IR (FIR) characterization of either of these
z∼ 17 candidates with ALMA,40 setting the benchmark to
understand and interpret similarly high-z candidates identified

40 CEERS-93316 is too far north to be accessible by ALMA and has been
observed in NOEMA DDT (#D22AC, PI: S. Fujimoto; see Arrabal Haro et al.
2023a).

2

The Astrophysical Journal, 955:130 (21pp), 2023 October 1 Fujimoto et al.

http://astrothesaurus.org/uat/734
http://astrothesaurus.org/uat/595
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/594


in the future JWST observations. The structure of this paper is
as follows. In Section 2, we describe the observations and the
data reduction of both JWST and ALMA. Section 3 outlines
the methods and presents the results of the continuum flux
measurements, a search for any emission line, and a full
spectral energy distribution (SED) analysis, including another
three galaxy candidates at z∼ 11–13 recently observed with
ALMA (GHZ1/GLz11, GHZ2/GLz13; e.g., Castellano et al.
2022; Naidu et al. 2022b; and HD1, Harikane et al. 2022). In
Section 4, we discuss the physical properties of z∼ 11–17
candidates based on the full SED analysis results, and we also
discuss the remaining low-z possibility for each candidate in
Section 5. A summary of this study is presented in Section 6.
Throughout this paper, we assume a flat Universe with Ωm=
0.3, ΩΛ= 0.7, σ8= 0.8, and H0= 70 km s−1 Mpc−1, and the
Chabrier initial mass function (IMF; Chabrier 2003). We place
2σ upper limits for nondetections unless otherwise specified.
We take the cosmic microwave background (CMB) effect into
account and correct the flux measurements at submillimeter and
millimeter bands, following the recipe presented by da Cunha
et al. (2013; see also e.g., Pallottini et al. 2015; Zhang et al.
2016; Lagache et al. 2018).

2. Observations and Data

2.1. JWST

Stephan’s Quintet, a group of five local galaxies, was
observed with NIRCam and MIRI in the JWST ERO program
(Pontoppidan et al. 2022). S5-z17-1 falls in the coverage of
NIRCam filters, but none of MIRI. The NIRCam images were
taken in six bands: F090W, F150W, F200W, F277W, F356W,
and F444W, covering 42 arcmin2. The exposure time in each
filter is ∼1200 s. We use reduced and calibrated NIRCam
imaging products that are publicly available,41 and here we
briefly explain the reduction and calibration procedure. The
JWST pipeline calibrated level-2 NIRCam imaging products
were retrieved and processed with the grizli pipeline

(Brammer & Matharu 2021; Brammer et al. 2022) in the same
manner as in Bradley et al. (2023). The NIRCam photometric
zero-point correction was applied with CRDS context
jwst_0942.pmap, including detector variations.42 The
derived photometric zero-points are consistent with those
derived by other teams with a JWST ERS program (Boyer et al.
2022; Nardiello et al. 2022). While the consistent calibration
results from a more recent calibration file of jwst_0989.
pmap have been confirmed within 3% (Bradley et al. 2023), we
add a potential systematic uncertainty to the flux measurement
by 10% of the total flux in the following analyses to obtain
secure results. The fully calibrated images in each filter were
aligned with the Gaia Data Release 3 catalog (Gaia Collabora-
tion et al. 2021), coadded, and drizzled at a 20 mas and 40 mas
pixel scale for the short-wavelength (SW: F090W, F150W,
F200W) and long-wavelength (LW: F277W, F356W, F444W)
NIRCam bands, respectively.

2.2. ALMA

ALMA Band 7 observations were carried out on S5-z17-1 on
2022 September 16 as a Cycle 8 DDT program (#2021.
A.00031.S, PI: S. Fujimoto). The requested continuum
sensitivity was achieved via three frequency setups ranging
nearly 24 GHz wide over ∼334–358 GHz to maximize a
chance of the [C II] line detection at z = 4.31–4.69 (red shaded
region in the right panel of Figure 1), which covers around the
peak of the redshift probability distribution P(z) corresponding
to the lower-redshift solution for S5-z17-1 due to a lower-z red
galaxy with strong emission lines (Section 3.1). Each tuning
was observed for 16 minutes, resulting in a total of 48 minutes
including calibrations and overheads.
The ALMA data were reduced and calibrated with the

Common Astronomy Software Applications package version
6.4.1.12 (CASA; THE CASA TEAM et al. 2022) with the
pipeline script in the standard manner. We imaged the
calibrated visibilities with natural weighting, and a pixel scale

Figure 1. Left: the NIR SED of S5-z17-1. The red circles and arrows indicate the observed flux densities and 2σ upper limits, respectively. The blue and green curves
and redshift labels represent the best-fit model SEDs and photometric redshifts by CIGALE with the redshift range at 0 < z < 25 and 0 < z < 10, respectively. The blue
and green open circles are predicted flux densities in the NIRCam filters based on the best-fit SEDs. The low-z forced SED has a brighter submillimeter flux by >100
times than the best-fit high-z SED, expecting a ∼10σ detection from the ALMA Band 7 observation (gray curve in Figure 3). The images on this panel present 2″ × 2″
NIRCam cutout images of S5-z17-1. Middle: P(z) from the SED fitting by EAZY (brown curve) and CIGALE (light blue curve) with a redshift range at 0 < z < 25.
Right: same as the middle panel, but at 0 < z < 10. The gray dashed line denotes the atmospheric transmission for [C II]. The red shade indicates the [C II] redshift
range of z = 4.31–4.69 covered by our ALMA Band 7 observations spanning 334–358 GHz with three frequency tunings, which is optimized to maximally cover the
peak of the lower-redshift solution’s P(z) and avoid the significantly low atmospheric transmission.

41 https://s3.amazonaws.com/grizli-v2/JwstMosaics/v4/index.html 42 https://github.com/gbrammer/grizli/pull/107
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of 0 05. For continuum maps, the TCLEAN routines were
executed down to the 2σ level with a maximum iteration
number of 100,000 in the automask mode. For cubes, we
adopted two common spectral channel bins of 15 and
60 km s−1 and applied the TCLEAN routines with the same
thresholds as the continuum map. The natural and tapered maps
achieved an FWHM size of the synthesized beam of
0 77× 0 46 with 1σ sensitivities for the continuum and the
line in a 60 km s−1 width channel of 45.0 μJy and 770 μJy
beam−1, respectively. We summarize the data properties of the
continuum map and the cube in Table 1.

3. Analysis and Results

3.1. NIRCam Photometry and Redshift Solutions

We use the grizli photometry catalog that is also publicly
available (see footnote 42). Briefly, the source fluxes in the
NIRCam filters are evaluated with a circular aperture in 0 36
diameter and corrected to MAG_AUTO. We correct the
galactic dust reddening in the target direction. In the left panel
of Figure 1, we present NIRCam cutouts and the grizli
photometry for S5-z17-1. We confirm that S5-z17-1 shows a
clear dropout feature between F200W and F277W filters
reported in Harikane et al. (2023b), suggesting a Lyα break at
z∼ 17. We summarize the total flux measurements of S5-z17-1
in Appendix A.

We evaluate photometric redshifts (zphot) using CIGALE
(Burgarella et al. 2005; Noll et al. 2009; Boquien et al.
2019). The fitting was performed in an identical fashion as in
Zavala et al. (2023). In summary, we assume a delayed star
formation history (SFH): SFR(t) ∝ t/τ2 exp (−t/τ) with stellar
models from Bruzual & Charlot (2003). Dust attenuation is also
added following the dust attenuation law from Calzetti et al.
(2000) for the stellar continuum. The nebular emission
(continuum + lines) is attenuated with a screen model and an
SMC extinction curve (Pei 1992). During the SED fitting, the
same E(B− V ) is used between stellar and nebular emission.
Finally, the dust emission is reemitted in the infrared modeled
with Draine et al. (2014) models. We list parameter ranges used
in the fitting in Appendix C.

Figure 1 summarizes the best-fit SED (left panel) and the
probability distribution function P(z) (middle panel) from
CIGALE. We obtain a photometric redshift of = -

+z 18.4phot 1.1
1.2,

supporting that S5-z17-1 is a promising extremely high-redshift
galaxy candidate (Harikane et al. 2023b). Note that Harikane
et al. (2023b) reported = -

+z 16.7phot 0.3
1.9, which is slightly lower

than our estimate. This is because of the faint detection (∼2.4σ)
in the F200W filter in Harikane et al. (2023b), while our F200W
photometry is below the 1σ level, probably due to the difference
in the reduction and calibration of the NIRCam data and the

choice of the aperture size. We confirm the general consistency
of the blue continuum color in the LW filters and the photometry
in all NIRCam filters between ours and the latest one of Harikane
et al. (2023b; private communication) within the uncertainties.
In P(z), we also identify a nonzero probability at z∼ 5. To

assess the reasonable model for this secondary peak, we rerun
CIGALE with a limited redshift range of 0< z< 10 and show
this P(z) in the right panel of Figure 1. We find that this best-fit
low-redshift SED is composed of a red stellar continuum with
strong rest-optical emission lines at = -

+z 4.6phot 0.4
0.3. This model

also well reproduces the NIRCam photometry, including the
dropout feature in the F200W band. As shown in the middle
panel of Figure 1, although CIGALE suggests a much lower
likelihood at z = 4.6 than the high-z solution based on the
Bayesian approach, which applies the weights to all of the
models depending on the goodness-of-fit, the difference of the
χ2 value from the high-z solution ( c c cD º -2

highz
2

lowz
2 ) is

only 0.11. This is because the optical emission lines of [O III]
+Hβ and Hα+[N II] at z∼ 4–5 fall exactly in the F277W and
F356W filters, respectively, which boosts their broadband
photometric fluxes to make them resemble the Lyα break
feature for very specific cases among the model parameters.
This is consistent with recent arguments discussed in the other
the F200W dropout object known to be a similarly promising
z∼ 17 galaxy candidate, CEERS-93316 (Naidu et al. 2022a;
Zavala et al. 2023), and such a photometry boost effect in the
NIR bands due to the strong emission lines have also been
demonstrated by many authors before JWST (e.g., Labbé et al.
2013; Bowler et al. 2014; Smit et al. 2014, 2015; Roberts-
Borsani et al. 2016). In this forced lower-z approach, we obtain
a dusty galaxy solution with SFR= 50Me yr−1 and
Mstar= 2.2× 108Me with EW([O III]+Hβ) = 450 Å,
EW(Hα+[N II]) = 240 Å, and a dust attenuation of the stellar
continuum E(B− V )= 0.47.
We also carry out the SED fitting with EAZY (Brammer et al.

2008), which performs the SED fitting to the observed
photometry with a set of templates added in a nonnegative
linear combination. We use the default template set composed
of the 12 tweak_fsps_QSF_12_v3 templates derived from
the Flexible Stellar Population Synthesis (FSPS) library
(Conroy et al. 2009; Conroy & Gunn 2010). More details for
EAZY are presented in Kokorev et al. (2022). Given our focus is
to investigate the possibility that S5-z17-1 may be a lower-z red
galaxy with strong emission lines suggested by CIGALE, we
modify an intermediate color star-forming template of
tweak_fsps_QSF_12_v3_009 by boosting the emission
line to EW([O III]+Hβ)∼ 1100Å in a similar manner as Labbe
et al. (2023). Note that this level of high EW([O III]+Hβ) has
been observed not only in young, early galaxies at z 6 (e.g.,
Smit et al. 2014; Endsley et al. 2021), but also in lower-z dusty

Table 1
ALMA DDT Observation and Data Properties for S5-z17-1

Freq. Setup Baseline Nant Frequency Tint PWV Beam 〈σline〉
a σcont

a

(m) (GHz) (minutes) (mm) (″ × ″) (μJy beam−1) (μJy beam−1)

Tuning1 15.1–629.3 43 334.02–337.90, 346.02–349.96 5.65 0.4 0.77 × 0.46 741 78.8
Tuning2 15.1–629.3 42 338.02–341.90, 350.02–352.96 5.65 0.5 0.77 × 0.46 810 86.1
Tuning3 15.1–629.3 42 342.02–345.90, 354.02–357.96 5.65 0.4 0.77 × 0.46 759 80.7

Combined L L ∼334–358 16.95 L 0.77 × 0.46 770 45.0

Note.
a Standard deviation of the pixels. For the cube, we show the average value from all channels in the 60 km s−1 data cube.
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objects including quasars (e.g., Zakamska et al. 2003; Finnerty
et al. 2020). We set the redshift range to span from 0< z< 25,
in steps of 0.01. We obtain the best-fit SEDs and P(z) similar to
those from CIGALE in both cases: the redshift range at
0< z< 25 and 0< z< 10. Similar results are also obtained
by using PROSPECTOR (Johnson et al. 2021) for CEERS-93316
(Zavala et al. 2023). The P(z) from EAZY is also presented in
the middle and right panels of Figure 1.

We caution that the Δχ2 estimate is affected by the
photometry measurements including the aperture choice and
the aperture correction, the definition of the photometry
uncertainties, the assumed parameter spaces of the model,
and the implementations of each component (e.g., stellar
population synthesis, nebular emission lines) in the model
among the SED fitting codes. For instance, we conservatively
add a potential systematic uncertainty in the NIRCam
photometry by 10% of the total flux to the original
measurement uncertainty (Section 2.1), where these additional
errors can easily enhance the probability of lower-z solutions
(Naidu et al. 2022a). Therefore, a different Δχ2 estimate from
previous studies does not necessary weaken the robustness of
the high-z candidate selection in previous studies.

3.2. Dust Continuum and FIR Properties

The left panel of Figure 2 shows the ALMA Band 7
continuum 4″× 4″ image at 866 μm. The relevant pixels show
negative counts. Based on the compact source size of S5-z17-1
evaluated with NIRCam (effective radius re= 0 05; Ono et al.
2023), we assume that the emission is unresolved with the
beam (∼0 7) in our ALMA map and place a 2σ upper limit of
90.0 μJy for the continuum emission based on the standard
deviation of the map. Although we identify a weak signal

(∼2σ) with an offset by ∼0 8, the offset is beyond the beam
size, and we conclude that this nearby weak signal is a noise
fluctuation irrelevant to S5-z17-1.
In Figure 3, the red arrow represents the 2σ upper limit from

ALMA, and the gray curve indicates the best-fit SED at z = 4.6
based on NIRCam photometry with CIGALE forced at z< 8.
The upper limit falls below the best-fit SED at z = 4.6,
strengthening the high-z solution relative to a lower-redshift
dusty galaxy with strong emission lines. We quantitatively
investigate both scenarios based on the full SED analysis with
the JWST and ALMA photometry in Section 3.5.
We evaluate the upper limit of the IR luminosity (LIR) and

obscured SFR (SFRIR) for S5-z17-1 based on the following dust
temperature (Td) estimates. First, we extrapolate the best-fit
redshift evolution model of Td following the decrease of the gas
depletion timescale (tdepl) derived in Sommovigo et al. (2022),
and obtain Td= 90 K at z = 18.0.43 Although the extrapolation
out to z∼ 18 is challenging, we note that tdepl is likely very
short in S5-z17-1 due to a very compact source size of
= -

+r 140e 60
90 pc and a very high surface SFR density of

ΣSFR∼ 180Me yr−1 kpc−2 from the rest-frame UV measure-
ments with NIRCam based on the high-z solution (Ono et al.
2023).
Second, we calculate the radiative equilibrium model with a

clumpy interstellar medium (ISM) distribution in the same
manner as Inoue et al. (2020) and Fudamoto et al. (2023).
Assuming the same rest-FIR continuum size as the F277W
measurement, we obtain a lower limit of Td∼ 80 K.44 Based on

Figure 2. ALMA Band 7 observation results. Top: ALMA 4″ × 4″ × cutout of the continuum at 866 μm (left), the velocity-integrated map for the 5.1σ line feature at
around 338.7 GHz (middle), JWST/NIRCam F356W image (right). The dashed contours indicate the −2σ and −3σ levels, while the solid contours denote the 2σ, 3σ,
4σ, and 5σ levels. The red contours overlaid on the F356W image indicate the line intensity in the moment-0 map. The green ellipse shows the ALMA synthesized
beam. Bottom: ALMA ∼24 GHz width spectrum (green) obtained from three frequency setups. The gray dashed line denotes the 1σ noise per channel. The gray
shades show 120 MHz gaps between basedbands.

43 We assume the gas-phase metallicity of Z = 0.1 Ze and the effective dust
attenuation optical depth of τeff = − lnT with T = 0.9.
44 We obtain the lower limits of 96 K and 81 K with the 2σ and 3σ upper limit
of the dust continuum at 866 μm, respectively, where we adopt the lower limit
of 80 K, given uncertainties from the assumptions in the model calculation.
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the agreement from these two approaches, we adopt a single
modified blackbody (MBB) with Td= 90 K and the dust
spectral index βd= 2.045 and infer LIR< 1.2× 1012 Le and
SFRIR< 120Me yr−1,46 if S5-z17-1 is truly an ultra-high-
redshift object at z∼ 18. We caution that the CMB temperature
at z= 18 reaches ∼50 K. Thus, a lower Td assumption of, for
example, 60 K also provides a similar upper limit after the
CMB correction. In the case that S5-z17-1 is a lower-z object at
z∼ 4.6 (Section 3.1), we obtain Td= 49 K from the same Td(z)
model from Sommovigo et al. (2022), which satisfies again the
lower limit of Td> 30 K estimated from the radiative
equilibrium model (Inoue et al. 2020; Fudamoto et al. 2023).
From the same single MBB with Td= 49 K, we infer
LIR< 2.8× 1011 Le and SFRIR< 28Me yr−1. This rules out
the possibility that S5-z17-1 is a lower-z DSFG with SFR = 50
Me yr−1, which is suggested by the forced low-z SED before
ALMA (Section 3.1). We further investigate the full SED
properties including the new ALMA photometry in Section 3.5.
We summarize our estimates of the FIR properties in Table 2.

3.3. ALMA ∼24 GHz Width Line Scan in Band 7

To gain further insight into the redshift of this source, we
analyze the ∼24 GHz wide spectrum in Band 7 to search for a

serendipitous line detection. The frequency setup is optimized
to cover the peak of P(z) at z = 4.31–4.69 with [C II] 158 μm
emission line and avoid the significantly low atmospheric
transmission, which is summarized in the right panel of
Figure 1. Note that there is a ∼120MHz gap between each
baseband. However, this frequency gap corresponds to
∼100 km s−1, which is narrower than typical [C II] line widths
of ∼300–1200 km s−1 among high-z DSFGs (e.g., Carilli &
Walter 2013) and thus does not much affect our [C II] line
identification from typical DSFGs.
In the bottom panel of Figure 2, we show the Band 7

spectrum of S5-z17-1 from the 15 km s−1 channel cube. Given
the compact source size, we assume the emission is unresolved
and extract the spectrum with a mean pixel count within a 0 2
diameter with units of janskys per beam. In the spectrum, we
identify a line feature at around 338.7 GHz, where the positive
signals continue in 12 consecutive channels. We produce a
velocity-integrated (moment-0) map and obtain a significance
level of 5.1σ at the peak pixel in the moment-0 map. From a
single Gaussian fit to the spectrum, we evaluate the line width
FWHM to be 118± 20 km s−1, a line intensity of Iline=
0.35± 0.07 Jy km s−1, and a central frequency at
338.726± 0.007 GHz.
In Figure 2, we show the moment-0 map (top middle) and

the contour of the line intensity overlaid on the NIRCam/
F356W map (right). The peak position of the line intensity
exactly matches the NIRCam source position, suggesting that

Figure 3. Optical to millimeter SED of the z ∼ 11–17 candidates so far observed with ALMA. The red open squares and arrows indicate the observed flux densities
and the 2σ upper limits, respectively. The blue curve is the best-fit SED with the optical to millimeter photometry, showing that the high-z solution is favored in all
candidates. For comparison, the green and gray curves indicate the best-fit SEDs forced at z < 8 with and without the ALMA photometry. The lower-z IR-bright
objects, implied from the gray curves, are ruled out by the new constraints from ALMA in all candidates. The cD pre

2 and cD new
2 values in the labels indicate the

difference of the χ2 values between the forced low-z and the best-fit high-z solutions without and with ALMA data, respectively. All candidates show cD new
2 increased

from cD pre
2 , indicating that their high-z solutions are much strengthened with the new ALMA photometry. The open circles and black crosses denote the predicted

photometry from the SEDs in each filter and ALMA band.

45 This is the same assumption as Sommovigo et al. (2022) and Fudamoto
et al. (2021).
46 We assume SFR [Me yr−1] = 1.0 × 10−10 LIR [Le].
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this is one of the most promising line features among the recent
ALMA observations for z> 11 candidates, where multiple
tentative (∼4σ) features have been identified with small spatial
offsets (Bakx et al. 2023; Harikane et al. 2022; Yoon et al.
2023). We find that other weak positive signals appeared in the
spectrum (e.g., 336.6 and 339.5 GHz) always show the peak
and morphology in the moment-0 map not well aligned with
the NIRCam source position with spatial offsets (0 2), being
the most likely noise, in contrast to the 338.7 GHz line feature.
To understand the noise properties more, we also generate a
data cube with a 162 km s−1 channel width, which consists of a
total of 5,701,600 voxels based on the number of channels and
the pixels of the cube. We estimate the number of similarly
bright (>2 mJy) noise voxels in this data cube and find that the
chance probability is estimated to be ∼2% to identify a noise
peak with >2 mJy within one beam-radius search volume.

To further address the reliability of this line candidate, we also
run a blind line search algorithm of FINDCLUMP implemented in
a Python library of INTERFEROPY (Boogaard et al. 2021) for
observational radio to millimeter interferometry data analysis.47

For this analysis, we also produce data cubes with different
channel widths of 20 km s−1 and 30 km s−1 and find that the
line candidate is always recovered with signal-to-noise ratio
(S/N)= 4.7–5.3 in the blind search algorithm regardless of the
choice of the data cube with different channel widths. From the
histograms of the positive and negative detections, the fidelity48

at the line S/N is estimated to be ∼50%. Note that this is a
blind search approach in the entire data cube. Therefore, the
realistic fidelity at the source position is much higher than 50%.

We conclude that the fidelity of this line candidate is
(conservatively) at least 50%, and the most likely ∼98% from
the above estimate based on the prior information of the target
position. Given that no significant emission is detected in both
continuum and each channel in the cube, we also produce the
dirty cubes (i.e., applying no CLEAN) and confirm the same
results. In Appendix D, we show the fidelity curve estimated
from the positive and negative histograms as a function of S/N.
Table 2 summarizes the properties of the line candidate.

3.4. Line Interpretation

Based on the two redshift solutions of = -
+z 18.4phot 1.1

1.2 and
= -

+z 4.6phot 0.4
0.3 (Section 3.1), the possible interpretation for the

line is [O III] 52 μm at z= 16.0089± 0.0004 or [C II] 158 μm
at z= 4.6108± 0.0001. Although the middle panel of Figure 1
suggests P(z> 16) is much higher than that of the lower-z
solution, the F200W filter starts including the flux from the red
side of the Lyα break at z 17, which makes P(z) at z = 16.0
not as high as the redshift solutions at z∼ 17–19. From P(z),
the likelihoods at z = 16.0 and z = 4.6 are almost comparable,
and thus it is difficult to conclude which is more likely only
from this aspect. Although the upper limit of the dust
continuum rules out the possibility of the lower-z DSFG with
SFR 30Me yr−1 (Section 3.2), we further discuss the
remaining possibilities of the low-z solution in Section 5. We
also explore the possibility of CO(3–2) at z= 0.0208± 0.0002
in Appendix B, which we conclude unlikely. Therefore, we
examine both interpretations in this subsection.
In the z = 4.6 case, we estimate a [C II] line luminosity of

L[C II]= (2.2± 0.4)× 108 Le and SFR of ≈20Me yr−1 based
on the SFR–L[C II] relation calibrated among local star-forming
galaxies (De Looze et al. 2014). This yields the L[C II]/LIR ratio
of 8× 10−4, which falls in the typical range of ∼10−2

–10−4

observed among dusty star-forming galaxies at z∼ 0–6 (e.g.,
Díaz-Santos et al. 2013; Gullberg et al. 2015). In the z = 16.0
case, we calculate an [O III] 52 μm line luminosity of
L[O III]52= (3.8± 0.7)× 109 Le. Based on the SFR–L[O III]88
relation estimated among local metal-poor galaxies (De Looze
et al. 2014) and the typical line ratio of [O III]52 μm and [O III]
88 μm lines of ∼1–5 observed in local compact H II
regions (Peeters et al. 2002), we evaluate the SFR value to
be ≈30–130 Me yr−1. Although systematic uncertainties
remain in the application of these empirical relations, we
confirm that our line-based SFR estimates are consistent with
the upper limits of SFRIR from the dust continuum in both
cases. We caution that the high [O III]52 μm/88 μm ratio49 of
∼5 indicates a high electron density of ne∼ 3000 cm−3, which
exceeds the critical density of [O III] 88 μm. It is thus unclear
whether the assumed SFR–L[O III]88 relation, which is also
affected by the metallicity and ionization parameter, is
validated in this high ne regime. A dedicated analysis will be
necessary in a separate paper.
Following the method outlined in Wang et al. (2013),50 we

also estimate a dynamical mass of Mdyn≈ 2× 109Me and

Table 2
FIR Properties of S5-z17-1

Redshift Solutions High-z (z  16) Lower-z (z ∼ 5)

Continuum

F866 μm (μJy) <90.0 (2σ)
LIR (Le) <1.2 × 1012 <2.8 × 1011

SFRIR (Me yr−1) <120 <28

Line candidate

Classification [O III] 52 μm [C II] 158 μm
S/N 5.1
Central frequency (GHz) 338.726 ± 0.007
FWHM (km s−1) 118 ± 20
Iline (Jy km s−1) 0.35 ± 0.07
zline 16.0089 ± 0.0004 4.6108 ± 0.0001
Lline (Le) (3.8 ± 0.7) × 109 (2.2 ± 0.4) × 108

SFRline
a (Me yr−1) ≈30–130 ≈20

Mdyn
b(Me) ≈1 × 109 ≈2 × 109

Notes.
a Based on SFR–Lline relations in De Looze et al. (2014) calibrated with local
star-forming and metal-poor dwarf galaxies for the high-z and lower-z cases,
respectively, where SFR[O III]52 depends on the [O III]52 μm/[O III]88 μm line
ratio regulated by ne. Following the ratio of ∼1–5 (ne ∼ 100–3000 cm−3)
observed in local compact H II regions (Peeters et al. 2002), we show the
estimate with a range for SFR[O III]52, where the lower side is comparable to the
SFR estimate from the optical-mm SED fitting for the high-z solution (Table 4).
b Assuming an inclination angle of 45° and the diameter of 4 × re measured
with NIRCam (Ono et al. 2023).

47 https://interferopy.readthedocs.io/en/latest/index.html
48 Fidelity (S/N) ≡ [N(positive) − N(negative)]/N(positive), where N is the
number of detection with a given S/N.

49 The [O III]52 μm/88 μm line ratio is regulated by electron density due to
difference of their critical densities, and not much affected by metallicity and
ionization parameter (e.g., Jones et al. 2020; Yang et al. 2021).
50 In approximation, the dynamical mass is given byMdyn = 1.16 × 105VcircD,
where D is the diameter and Vcirc is circular velocity. Vcirc is also given by

( )s=V i1.763 sincirc line , where i is inclination angle and σline is the velocity
dispersion of the line. We assume an inclination of 45° and D = 4 × re from
the NIRCam observation.
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≈1× 109Me in the z = 4.6 and z = 16.0 cases, respectively. In
the z = 4.6 case, the Mstar value is estimated to be 2× 108Me
in our forced low-z SED analysis (Section 3.1), and thus the
Mstar/Mdyn ratio is about 10%. Also with the upper limit of
SFRIR, this suggests that S5-z17-1 is a moderately star-
forming, very gas-rich system (gas fraction ∼90%) at z = 4.6,
which is consistent with the recent ALMA results for main-
sequence galaxies surrounded by rich metal-rich gas reservoir
at z∼ 4–7 (e.g., Fujimoto et al. 2019, 2020, 2021; Dessauges-
Zavadsky et al. 2020). In the high-z scenario, Harikane et al.
(2023b) evaluated = ´-

+M M7.0 10star 4.8
50.8 8

 for S5-z17-1,
which satisfies Mstar�Mdyn. Assuming that Mdyn is dominated
by the molecular gas and stellar masses, the above estimates
indicate a low gas fraction (≈0.3) in the high-z scenario, which
is likely consistent with the decreasing trend of the gas fraction
with increasing stellar mass (e.g., Tacconi et al. 2013). Note
that for the structure formation model with Planck cosmology
(UNIVERSEMACHINE; Behroozi et al. 2020), the most massive
dark matter halos at z = 16.0 are calculated to be
Mhalo∼ 8× 109Me. Thus, the Mstar/Mhalo ratio can be still
∼0.09, which satisfies the upper boundary from the cosmic
baryon fraction of 0.16. One note is that such a high stellar-to-
halo-mass ratio implies a significantly high star formation
efficiency. We further discuss the validity of the high-z solution
in Section 4.1.

Based on these results, both interpretations are possible, and
it is challenging to conclude which is more likely with the
current data sets. Once the line feature is confirmed, the low-z
solution at z = 4.61 will be verified with the JWST/NIRSpec
follow-up by targeting the strong rest-frame optical emission
lines that cause the dropout feature between the F200W and
F277W filters. In fact, this is the case of another extremely
high-z galaxy candidate, initially estimated at z∼ 17 (e.g.,
Donnan et al. 2023), which has been subsequently spectro-
scopically confirmed to be at z = 4.91 (Arrabal Haro et al.
2023a). If we do not detect any emission lines from NIRSpec,
ALMA follow-up observations for the [O III] 88 μm line will
be a plausible approach to spectroscopically confirm the high-z
solution at z = 16.01, since the bright rest-frame optical
emission lines (e.g., [O III]5007, Hβ) shift out of the spectral
window of NIRSpec at z 11. We summarize the properties of
the line candidate in both cases in Table 2.

3.5. JWST+ALMA Joint SED Analysis

The nondetection of the dust continuum from S5-z17-1 is
reminiscent of recent ALMA results in other three UV-bright
galaxy candidates at z∼ 11–13: GHZ1/GLz11, GHZ2/GLz13,
and HD1 (Bakx et al. 2023; Harikane et al. 2022; Kaasinen
et al. 2023; Popping 2023; Yoon et al. 2023). GHZ1/GLz11
and GHZ2/GLz13 were also identified in the early JWST data
from the GLASS field (Treu et al. 2022) from different teams
(e.g., Castellano et al. 2022; Donnan et al. 2023; Naidu et al.
2022b; Harikane et al. 2023b). No robust dust continuum is
detected in follow-up deep 1 mm observations with a total of
>10 hr observing time for both candidates (Bakx et al. 2023;
Popping 2023; Yoon et al. 2023), while a tentative (2.6σ)
detection is reported in GHZ1/GLz11 (Yoon et al. 2023). HD1
was found as a remarkably bright (MUV∼−24) galaxy
candidate at z∼ 13 in a systematic search over a 2.3 deg2 area
in ground-based telescopes and Spitzer data (Harikane et al.
2022). Similarly deep ALMA 1 and 2 mm band observations
have been carried out, showing no dust continuum detection in
both ALMA observations (Harikane et al. 2022; Kaasinen et al.
2023). These results may imply a low possibility of
contamination from lower-z dusty star-forming galaxies with
strong emission lines among the high-z candidates at z∼ 11–17
recently identified and observed with ALMA. In Table 3, we
summarize S5-z17-1 and these three UV-bright high-z galaxy
candidates so far observed with ALMA.
To further investigate the high-z (z 11) and the lower-z

scenarios for all of these candidates, we perform SED fitting to
the optical to millimeter photometry using CIGALE (Burgarella
et al. 2005; Noll et al. 2009; Boquien et al. 2019). We adopt the
same assumptions in the fitting described in Section 3.1. We
use the public grizli catalog for GHZ1/GLz11 and GHZ2/
GLz13, where the JWST data reduction, calibration, and
photometry are processed in the same manner as S5-z17-1
(Section 2.1). We also use the photometry of the HST/ACS–
WFC3 images in the catalog, including the latest ACS data
taken as part of a DDT program (#17231, PI: T. Treu), which
is processed using the grizli pipeline in the same manner as
Kokorev et al. (2022). We list the JWST and HST photometry
of GHZ1/GLz11 and GHZ2/GLz13 in Appendix A. The
optical-NIR photometry of HD1 is taken from Harikane et al.
(2022). The ALMA photometry measurements of GHZ1/

Table 3
Summary of UV Luminous z ∼ 11–17 Galaxy Candidates Observed with ALMA

Source Name R.A. Decl. zphot
literature F444W lobs

ALMA FALMA References
(deg) (deg) (mag) (mm) (μJy)

(1) (2) (3) (4) (5) (6) (7) (8)

S5-z17-1 339.015969 33.904624 -
+16.7 0.3

1.9 26.75 ± 0.17 0.87 <90.0 This work

GHZ1/GLz11 3.498988 −30.324759 -
+10.4 0.7

0.2 26.31 ± 0.11 1.21 (15.6 ± 5.8) Y22

GHZ2/GLz13 3.511923 −30.371859 -
+12.4 0.3

0.1 26.67 ± 0.11 1.02 <7.2 B22, P22

HD1 150.463792 2.547222 -
+15.2 2.7

1.2 24.67 ± 0.30 1.27 <16.0 H22

2.17 <10.4 K22

Note. (1) Source name in literature. (2) R.A. (3) Decl. (4) Photometric redshift estimate in literature (S5-z17-1: Harikane et al. 2023b, GHZ1/GLz11 and GHZ2/
GLz13: Naidu et al. 2022b, HD1: Harikane et al. 2022). (5) Our total magnitude estimate in NIRCam/F444W filter with 1σ errors. The potential systematic
uncertainty is added by 10%. For HD1, we show the total magnitude estimate of Spitzer IRAC ch2 in Harikane et al. (2022). (6) Observed wavelength in the ALMA
observation based on the center sky frequency. (7) Submillimeter-to-millimeter photometry from our and recent ALMA observations. The upper limit is placed at the
2σ level, and a tentative 2.6σ emission is reported in GHZ1/GLz11 (Yoon et al. 2023). (8) Reference of the ALMA observation (Y22: Yoon et al. 2023, B22: Bakx
et al. 2023, P22: Popping 2023, H22: Harikane et al. 2022, and K22: Kaasinen et al. 2023).
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GLz11, GHZ2/GLz13, and HD1 are taken from the previous
studies (Bakx et al. 2023; Harikane et al. 2022; Kaasinen et al.
2023; Popping 2023; Yoon et al. 2023). We use the photometry
with the 1σ error also for the measurements below the 2σ upper
limits. When the literature only provides the upper limit, we set
zero flux with the 1σ error in those nondetection bands. To
maintain the same detection thresholds among different
wavelengths, we use the 2.6σ detection in the ALMA 1mm
band in GHZ1/GLz11.

In Figure 3, we show the best-fit SED (blue curve) with the
optical to millimeter photometry (red symbols). For compar-
ison, we also show the best-fit SED forced at 0< z< 8 with
(green curve) and without the ALMA photometry (gray dashed
curve). For every candidate, we find that the best-fit SED from
the optical to millimeter photometry not only favors the high-z
solution at z 11. Moreover, the ALMA photometry always
falls below the gray dashed curve, suggesting that the
possibility of lower-z IR-bright DSFGs are ruled out. Still,
the possibility of lower-z, IR-faint red objects might remain,
which corresponds to the best-fit SED forced at low-z with the
ALMA photometry (green curves). In the inset labels, we also
present the Δχ2 values of the forced low-z solutions from the
best-fit high-z solutions in the SED analysis before ( cD pre

2 ) and

after including the ALMA photometry ( cD new
2 ). We find that

the Δχ2 value increases in every candidate out to ∼6–27 (i.e.,
c cD < D ;pre

2
new
2 the addition of the ALMA nondetection

increases the likelihood of the high-redshift solution relative to
the low-redshift solution), satisfying the criterion ofΔχ2> 4.0,
corresponding to a 2σ level, used in previous studies (e.g.,
Bowler et al. 2020; Donnan et al. 2023; Harikane et al. 2022;
Finkelstein et al. 2023). These results suggest that the lower-z
IR-faint red objects are also unlikely supported, although Δχ2

values may change with different SED codes and assumptions
(e.g., high Tdust). We further discuss the remaining possibilities
of the lower-z solution in Section 5.

4. Blue Monsters at z∼ 11–17

4.1. Presence of UV-bright Galaxies out to z∼ 17

Owing to our and recent deep ALMA observations, the high-
z solutions at z∼ 11–17 are all favored in the UV-bright high-z
candidates of S5-z17-1, GHZ1/GLz11, GHZ2/GLz13, and
HD1 (Section 3.5). In particular, the high-z solution obtained
from S5-z17-1 suggests the presence of the remarkably UV-
bright (MUV=−21.9) object at z∼ 17, just ∼200Myr after the
Big Bang. This UV luminosity is comparable to that of GN-z11
(Oesch et al. 2016), making S5-z17-1 the second most
luminous object at z> 11 after HD1 (MUV=−23.6). Such an
identification in the small survey volume among the early
JWST observations could present a challenge to the current
models of early galaxy formation and potentially even the
underlying Λ cold dark matter (CDM) cosmological framework
(e.g., Steinhardt et al. 2016, 2023; Boylan-Kolchin 2022;
Lovell et al. 2023; Mason et al. 2023; Menci et al. 2022). As
discussed in Naidu et al. (2022a), no theoretical UV LF or
empirical extrapolation can be close to matching with its
presence, except for a 100% instantaneous star formation
efficiency coupling with the dark matter halo-mass function,
while the star formation efficiency measured at z∼ 6–10 is
typically <10% (e.g., Finkelstein et al. 2015; Tacchella et al.
2018; Stefanon et al. 2021).

Harikane et al. (2023b) discussed three possible scenarios
(see also Inayoshi et al. 2022) for the presence of a remarkably
UV-bright object even out to z∼ 17: (A) no star formation
suppression, (B) presence of AGNs, and (C) Population III like
stellar population with a top-heavy IMF. For the scenario (A),
recent numerical studies of star cluster formation from compact
giant molecular clouds also indicate high star formation
efficiency when an initial gas surface density is sufficiently
high (Kim et al. 2018; Fukushima et al. 2020; Fukushima &
Yajima 2021, see also Krumholz et al. 2019). In fact, assuming
the Kennicutt–Schmidt relation (Kennicutt 1998) and that the
spatial distributions of gas and UV-emitting regions are the
same, the UV bright and compact properties of S5-z17-1 imply
a high gas density of Σgas; 1.5× 104Me pc−2 or even higher
out to ;5.6× 104Me pc−2, given the current upper limit
of the obscured SFRIR< 120Me yr−1 in the high-z case
(Section 3.2). If we assume these gas density estimates and
assume a gas-phase metallicity of Z= 0.01 Ze, an analytical
model developed in Fukushima & Yajima (2021) suggests the
star formation efficiency to be ;0.7–1.0. Although the spec-z
confirmation is essentially required, the presence of S5-z17-1 at
z∼ 17 may not necessarily contradict with the current early
galaxy evolution models and underlying ΛCDM framework,
based on the observed properties so far.

4.2. Dust Poor Universe at z 11

Recent ALMA observations for UV-bright galaxies dom-
inating the bright-end of the UV luminosity function (LF) show
successful detection of the dust continuum from ∼40% of the
sample at z∼ 7 (Bouwens et al. 2022; Inami et al. 2022). In
contrast, we do not detect robust continuum detection from any
of the z∼ 11–17 candidates, although they also dominate the
bright-end of the UV LF at these redshifts (e.g., Donnan et al.
2023; Harikane et al. 2023b). This might imply that a transition
is taking place in dust properties of early galaxies between
z 11 and z∼ 7.
In Figure 4, we show our measurements of the infrared

excess IRX (≡LIR/LUV), UV continuum slope βUV, and Mstar

for the z∼ 11–17 candidates. We evaluate the LIR values with
the single MBB based on the following two assumptions: the
Td–z relation of Sommovigo et al. (2022), and a constant value
of Td= 50 K. The other measurements are taken from the best-
fit results from CIGALE summarized in Table 4. For
comparison, we also present the measurements obtained in
other high-z star-forming galaxies in recent ALMA large
surveys of ASPECS at z∼ 2–3 (e.g., Bouwens et al. 2020),
ALPINE at z∼ 4–6 (e.g., Fudamoto et al. 2020; Burgarella
et al. 2022), and REBELS at z∼ 7 (e.g., Inami et al. 2022). We
find that the UV-bright z∼ 11–17 candidates are generally
characterized as bluer and less IR-bright systems than the
REBELS galaxies, despite similar Mstar values. Ziparo et al.
(2023) discussed two possible scenarios for relatively massive
(Mstar∼ 108−9Me) and blue (βUV<−2.0) high-z (z> 10)
candidates identified in recent JWST observations: (a) ejected
by the radiation pressure (see also Ferrara et al. 2023), or (b)
segregated with respect to UV-emitting regions. Because the
nondetection of the dust continuum disfavors the scenario (b),
the massive and blue properties observed in the z∼ 11–17
candidates likely support scenario (a).
We note that not all of the upper limits of IRX in the

z∼ 11–17 candidates are similarly deep as the lowest IRX
regime observed in the ALPINE and REBELS results. Thus,
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there is a possibility that these z∼ 11–17 candidates also
follow the IRX relations similar to the z∼ 2–7 galaxies, while
the upper limits of ALMA might be still insufficient to capture
the dust emission from them. Nevertheless, the parameter space
currently constrained by HD1 already explores the most
massive, bluest, and IR-faintest regimes, which deviate from
the relations evaluated by stacking for ASPECS and ALPINE
sources at z∼ 2–6. In addition to its very massive
(Mstar∼ 1010Me) aspect at z∼ 13 in the ΛCDM framework
(e.g., Steinhardt et al. 2016, 2023; Boylan-Kolchin 2022;
Lovell et al. 2023; Mason et al. 2023; Menci et al. 2022), HD1
will be the most challenging object also with respect to dust
properties, once the redshift is spectroscopically confirmed.

5. Other Potential Low-z Interlopers

Along with the discussions in Zavala et al. (2023) and Naidu
et al. (2022a), our initial SED analysis confirms that lower-z
line-emitting red objects can reproduce clear dropout features
in the NIR filters, which resembles the Lyα break feature from

very high-z galaxies (Section 3.1). Although we rule out the
possibility of lower-z DSFGs with SFR of >30Me yr−1 for S5-
z17-1 and similar constraints obtained in the other three
candidates, owing to the deep constraints on dust continuum
emission from our and recent ALMA observations
(Section 3.5), caution is still required given the presence of
populations other than DSFGs that might also play a part of the
line-emitting red continuum objects, such as dusty quasars
(QSOs) and AGNs emerged in QGs (see also discussion in
Naidu et al. 2022a). In particular, more caution may be required
when the objects are remarkably luminous and at high redshift,
where the abundance can be overwhelmed by rare populations
at lower redshifts. Note that all of the candidates at z∼ 11–17
studied in this paper, except for HD1, which was originally
identified from ground-based telescopes and Spitzer, have been
observed with spatially resolved morphology in the superb
resolution of JWST/NIRCam images (e.g., Ono et al. 2023;
Yang et al. 2022). The spatially resolved morphology suggests
that these candidates are unlikely type I QSOs with a point-

z~1
1-1
7?
z~7

z~
2-
3

z~4
-6

z~2
-3

z~4-6

z~11-17?

z~7
z~4-6

z~7
z~11-17?

Figure 4. Comparison of IRX, βUV, and Mstar properties with other high-z star-forming galaxies constrained from recent large ALMA surveys of ASPECS at z ∼ 2–3
(Walter et al. 2016), ALPINE at z ∼ 4–6 (green square; Le Fèvre et al. 2020), and REBELS z ∼ 7 (blue square; Bouwens et al. 2022). Note that ASPECS and ALPINE
results are taken from the stacking results (Bouwens et al. 2020; Fudamoto et al. 2020), while REBELS results are taken from the individual results based on detection
(e.g., Inami et al. 2022; Sommovigo et al. 2022). The red symbols represent the UV-bright (MUV ≈ [−24: −21]) high-z candidates at z ∼ 11–17 constrained from our
optical to millimeter SED analysis. The solid and light red symbols are estimated from the Td–z relation of Sommovigo et al. (2022) and a constant assumption of
Td = 50 K, respectively. The upper limits are placed at the 2σ level, while we place the 2.6σ upper limit for GHZ1/GLz11 that has been reported to have a tentative
(2.6σ) continuum emission (Yoon et al. 2023). Left: IRX–βUV relation. The solid and dashed curves indicate the relations derived with the dust attenuation of SMC
and Calzetti et al. (2000), respectively. The dotted curve shows the relation derived with the SMC dust attenuation and bluer intrinsic βUV. Middle and right: IRX–
Mstar and Mstar–βUV relations from middle to right. The black shade shows the 1σ range of the best-fit relations at z ∼ 2–3 estimated in Bouwens et al. (2020).
Although both UV-bright z ∼ 11–17 candidates and the REBELS sources dominate the bright-end of the UV LF and the similar Mstar range at these redshifts, the
former is generally bluer and lower IRX.

Table 4
Physical Properties of z = 11–17 Candidates from Optical to Millimeter SED Fitting

Source Name zbest (χ
2) zlowz (χ

2) Δχ2 MUV βUV SFR10Myr Mstar

(mag) (Me yr−1) (109 Me)
(1) (2) (3) (4) (5) (6) (7)

S5-z17-1 -
+18.41 1.11

1.18 (1.12) -
+4.45 0.52

0.46 (7.84) 6.71 −21.87 ± 0.11 −2.04 ± 0.05 -
+23 4

8
-
+1.1 0.6

0.7

GHZ1/GLz11 -
+10.87 0.32

0.24 (11.3a) -
+1.84 0.04

0.05(35.15) 23.85 −21.03 ± 0.12 −2.29 ± 0.02 -
+15 2

3
-
+1.4 0.4

0.5

GHZ2/GLz13 -
+12.43 0.12

0.12 (5.27a) -
+3.35 0.17

0.16(27.10) 21.83 −21.35 ± 0.07 −2.45 ± 0.01 -
+13 1

2
-
+0.8 0.4

0.3

HD1 -
+15.39 1.40

0.95 (0.15) -
+3.69 0.36

0.38(6.35) 6.20 −23.64 ± 0.18 −2.22 ± 0.03 -
+101 16

24
-
+5.4 2.7

2.8

Notes. (1) Photometric redshift with the best-fit SED at 0 < z < 25. The χ2 value is shown in parentheses. (2) Photometric redshift with the best-fit SED forced at
0 < z < 8. The χ2 (zlowz) value is shown in parentheses. (3) Difference of the χ2 values between the best-fit SEDs at zbest and zlowz. (4)–(7) Physical properties in the
high-z solutions based on zbest: (4) Absolute UV magnitude, (5) UV continuum slope measured by a single power-low fit to the continuum component in the best-fit
SED over rest-frame 1400–2500 Å in a similar manner as Nanayakkara et al. (2023), (6) Average SFR over 10 Myr, (7) Stellar mass.
a The best-fit SEDs with smaller χ2 values are obtained in the literature, while our measurements include the new ALMA photometry, which affects the best-fit
parameter space and the χ2 value.
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source morphology. However, there still remains a possibility
of type II QSOs or very faint type I QSOs, where the contrast of
the host galaxy to the central QSO becomes high. Given these
potential contributions from lower-z rare objects, we investi-
gate the remaining lower-z possibility from three aspects: (i)
EW distribution of the optical emission lines, (ii) optical to
millimeter SED properties, and (iii) abundance in the following
subsections. Given the requirement of the red continuum and
strong emission lines for the lower-z interlopers to make the
NIR dropout feature, we focus on the following two
populations: type II and/or dusty type I QSOs/AGNs, and
QGs harboring AGNs (QG+AGN).

5.1. Distribution of EW([O III]+Hβ)

First, we examine the distributions of EW([O III]+Hβ) for
type II/dusty type I QSO and QG+AGN populations that
might contribute to the NIR dropout objects. Note that the
emission lines of ionized gas have been identified in QGs likely
due to AGNs (e.g., Belli et al. 2017b, 2019; Ito et al. 2022;
Kubo et al. 2022). In the optical-to-NIR SED analysis forced to
the lower-z solution (Section 3.1), we find that a dusty galaxy
with EW([O III]+Hβ) = 450 Å reproduces the F200W dropout
feature of S5-z17-1. In the same analysis for GHZ1/GLz11,
GHZ/GLz13, and HD1, we obtain an EW range of EW([O III]
+Hβ) = 140–490Å from the best-fit SEDs forced at lower-z.
Because more robust dropout features can be produced with
higher EW values, we regard the range of EW([O III]
+Hβ) = 140–490Å as the minimum required EW values for
the lower-z interlopers to contaminate the high-z candidates
(z 11) in the following analysis.

In Figure 5, we show the distributions of EW([O III]+Hβ)
for type II / dusty type I QSO51 and QG+AGN populations
(Zakamska et al. 2003; Finnerty et al. 2020; Forrest et al.
2020).52 For comparison, we also show the minimum required
EW values for the lower-z interlopers (gray shade). Based on
the distribution and the lower bound of the gray shade, we find
that ∼40% (∼100%) of the type II QSOs (dusty type I QSOs)
fall in and above the minimum required EW range and that the
maximum EW([O III]+Hβ) value reaches ∼3000Å (∼9000Å).
We also find that the QG+AGN population has the EW([O III]
+Hβ) distribution out to ∼300Å, where ∼40% of them fall in
and above the minimum required EW range. Because about
10% of the QGs at high redshift harbor emission lines that are
likely powered by the AGN (e.g., Belli et al. 2017a, 2019), we
estimate ∼4% (=0.1× 0.4) of the QGs satisfy the minimum
required EW range. By stacking Keck/NIRES spectra, an
average EW of the hot obscured dusty objects at z∼ 1–4 is also
estimated to be ∼400Å (McKinney et al. 2023). These results
indicate that subsets of QSO and QG populations may actually
be included in the high-z (z 11) candidates by contributing to
the NIR dropout feature with the red continuum and strong
emission lines.

5.2. Optical-to-millimeter SED Analysis

Second, we examine the optical-to-millimeter SED
properties with the following two populations in this

subsection: (1) type II QSOs and (2) QG+AGN. Based on
the EW([O III]+Hβ) distribution of each population in
Figure 5, we assume EW([O III]+Hβ) = 1000 Å and 300 Å
for the type II QSO and the QG+AGN populations,
respectively, by boosting the key optical emission lines of
[O III]4959, 5007, Hβ, Hα, and [N II] in the type II QSO and
QG templates taken from Polletta et al. (2006, 2007). We
follow the line ratios of the most highly ionized system in
Richardson et al. (2014).
In Figure 6, the dark blue and brown dashed curves present

the type II QSO and the QG+AGN templates fitted to the
z∼ 11–17 candidates, respectively. We carry out these SED
template fits at 0< z< 20 and obtain the best-fit redshifts at
z∼ 2–5. Although the χ2 values are still larger than that of
the best-fit high-z galaxy solution with CIGALE (Section 3.5),
all candidates, except for GHZ1/GLz11, show the type II
QSO and/or QG+AGN solutions with Δχ2 values from the
best-fit high-z galaxy solution smaller than ∼4 that is lower
than the criterion generally used for the high-z galaxy
candidate selection (e.g., Bowler et al. 2020; Donnan et al.
2023; Harikane et al. 2022; Finkelstein et al. 2023). Kaasinen
et al. (2023) also revisited the SED fitting for HD1 with the
new ALMA photometry in both 1 mm and 2 mm bands by
using MAGPHYS (da Cunha et al. 2015) and obtained
χ2= 2.32 from a low-z solution at z = 3.98 with a QG
template. These results indicate the low-z solutions can be
plausible in some of the high-z candidates even with the clear
NIR dropout feature and the stringent submillimeter-to-
millimeter upper limits.

Figure 5. Distribution of the rest-frame EW([O III]+Hβ) for several quasar and
galaxy populations that might attribute to the z ∼ 11–17 candidates: type II
QSOs (Zakamska et al. 2003), dusty-reddened type I QSOs (Finnerty
et al. 2020), and QGs with emission lines from AGNs (Forrest et al. 2020).
The gray shaded region indicates the required EW([O III]+Hβ) range implied
from the CIGALE modeling, showing the minimum to maximum range among
the best-fit SEDs of S5-z17-1, GHZ1/GLz13, GHZ2/GLz11, and HD1 forced
at z < 8. When the literature does not show the Hβ line measurement, we
include the Hβ contribution by assuming the typical line ratio of [O III]/Hβ
from Richardson et al. (2014).

51 While the sample is called Hot dust obscured galaxies (hot DOGs) in the
literature, we refer it to dust reddened type I QSOs because of the clear
detection of broad emission lines (Finnerty et al. 2020).
52 In Forrest et al. (2020), we regard 10 galaxies with log(sSFR) < − 1 Gyr−1

and [O III]+Hβ line detection as QG+AGN.
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5.3. Abundance

Finally, we compare the abundance of the z∼ 11–17
candidates with those of lower-z QG and QSO/AGN
populations. Figure 7 presents the stellar mass function
(SMF) for galaxies including QGs (left panel) and the LF for
QSOs/AGNs (right panel) at z∼ 3–5 (Davidzon et al. 2017;
McGreer et al. 2018; Giallongo et al. 2019; Niida et al. 2020;
Onoue et al. 2023). We use the Mstar and MUV values of the
z∼ 11–17 candidates estimated from the best-fit SEDs with
CIGALE in the lower-z case at z∼ 2–5. To avoid the uncertainty
of the dust attenuation correction, we use the observed-frame
MUV estimate. Because S5-z17-1, GHZ1/GLz11, are GHZ2/
GLz13 are the most luminous high-z candidates identified in
the early JWST data at each redshift, we conservatively adopt
the survey area of 90.4 arcmin2 from SMACSJ0723, GLASS,
CEERS, and Stephan’s Quintet fields (Harikane et al. 2023b),
while we use the survey volume of 2.3 deg2 for HD1 from
(Harikane et al. 2022). We evaluate the possible redshift range
Δz from the 2σ range of the zphot estimates in the best-fit SEDs
forced at z= 2–5, resulting in Δz∼ 0.2–0.8, depending on the
candidate. We include the 1σ Poisson uncertainty presented in
Gehrels (1986). Note that NIRCam medium-band filters are
helpful to limit the possibility of the low-z contamination to a
very narrow redshift window of Δz 0.1 (Naidu et al. 2022a;
Arrabal Haro et al. 2023a), while none of these four candidates
have been observed with the medium-band filters, and it is not
the case here. Another note is that the MUV value of GHZ1/
GLz11 in this forced lower-z case shows ∼−10 mag, which is
located outside of the right panel, while the abundance is

estimated to be ∼3× 10−5 Mpc−3 mag−1, similar to other
candidates. Such a very small MUV value is required from the
NIR dropout feature of GHZ1/GLz11 between F115W and
F150W, which is the most significant by ∼2.9 mag among
these four candidates.
In the SMF for galaxies, the green curve is drawn from the

best-fit Schechter function estimated for z∼ 3–3.5 QGs
(Davidzon et al. 2017). We find that the volume densities of
GHZ1/GLz11 are much higher than the abundance of QGs by
more than one order of magnitude beyond the errors. If we take
the ∼4% into account as the possible fraction of the QG+AGN
population that has strong enough emission lines among the
QGs (Section 5.1), the deviation becomes even more significant
(green dashed curve), and the abundances of GHZ2/GLz13
and S5-z17-1 also fall above more than one order of magnitude
than that of the QG+AGN population beyond the error. This
indicates that the QG+AGN population is too rare to
contaminate the z∼ 11–17 galaxy selection in their survey
volumes. On the hand, we find that the volume density of HD1
is far below the QG+AGN populations beyond the errors,
suggesting that the QG+AGN population is an abundant
contaminant in the survey volume of HD1. These results
suggest that the possibility of contamination from the QG
+AGN population is negligible in the z∼ 11–17 candidates,
except for HD1. We note that the faint-end of the QG SMF at
z∼ 3.0–3.5 could be rather flat, instead of the turnover shape.53

However, the faint-end extrapolation for the QG+AGN

Figure 6. Same as Figure 3, but assuming QSO/AGN populations. The dark blue and brown dashed curves show the best-fit SED templates of type II QSO and QG
+AGN populations, respectively, from the fitting range at 0 < z < 20. Both templates favor the lower-z solution (z ∼ 2–5). The Δχ2 value in the label indicates the
difference of the χ2 value from the best-fit high-z galaxy solution shown in Figure 3. All candidates, except for GHZ1/GLz11, have the reasonable solutions at lower-z
with Δχ2  4.

53 The turnover shape is obtained at z ∼ 2.5–3.0, which is fixed in the z > 3
measurements in Davidzon et al. (2017).

12

The Astrophysical Journal, 955:130 (21pp), 2023 October 1 Fujimoto et al.



population (green dashed curve) with such a flattened shape
still falls below the volume densities of S5-z17-1, GHZ1/
GLz11, and GHZ2/GLz13, and thus the above argument is
unchanged.

In the QSO/AGN LF, the black curve shows the best-fit
Double Power Law (DPL) function from the X-ray QSO/AGN
observations. Note that this is a steeper faint-end slope and a
higher abundance at MUV>−22 by ∼1–2 orders of magni-
tudes than the best-fit measurement from the UV observations
(e.g., Niida et al. 2020; Finkelstein & Bagley 2022). While
these previous measurements are still consistent within the
uncertainties, the main reason would be that the X-ray
observations retrieve populations such as type II and dusty
obscured QSOs/AGNs that are generally missed in the UV
observations. In fact, the high fraction (80%–90%) of
obscured QSOs/AGNs at z 4 have been supported from
multiple aspects both from observations (e.g., Eilers et al. 2018;
Vito et al. 2018; Davies et al. 2019; Morishita et al. 2020;
Endsley et al. 2022; Fujimoto et al. 2022) and simulations (e.g.,
Ni et al. 2020; Gilli et al. 2022). We thus regard that the faint-
end of the QSO/AGN LF from the X-ray observations is
mostly dominated by the type II and/or dusty obscured QSOs/
AGNs. It is worth mentioning that recent JWST/NIRSpec
observations routinely identify broad-line AGNs and subse-
quently infer their abundance is close to the faint-end of the
X-ray-based QSO/AGN LF (e.g., Harikane et al. 2023a;
Kocevski et al. 2023).

By extrapolating the faint-end of the best-fit DPL, we find
that the extrapolation exceeds the abundance of the z∼ 11–17
candidates by more than one order of magnitude. If we take the
∼40% into account as the possible fraction of the type II QSO
population that has strong enough emission lines (Section 5.1),
the abundance of the z∼ 11–17 candidates is still far below the
extrapolation (black dashed curve). For reference, we find that

a scaling factor of ∼0.05 (black dotted curve) provides the
comparable abundance between the z∼ 11–17 candidates and
the faint-end of the QSO/AGN LF. From the EW([O III]+Hβ)
distribution, the fraction of the objects with minimum required
EW([O III]+Hβ) of 300 Å comfortably surpasses the 5%
among the type II and dusty QSO/AGN populations. This
indicates that the type II and/or dusty QSOs/AGNs with
strong emission lines may overwhelm the abundance of the
z∼ 11–17 candidates in theMUV range and indeed contaminate
the z∼ 11–17 candidates and that the secondary peak in P(z)
may not be negligible. For example, the middle panel of
Figure 1 suggests that P(z) at the secondary lower-z peak at
z∼ 5 is ∼1%–20% in S5-z17-1, which may have a comparable
probability if the abundance of the specific lower-z populations
exceeds that of the high-z galaxies by ∼×5–100. Although we
first need to understand which lower-z populations are exactly
the contaminants to accurately evaluate the abundance excess
of such populations, these results underscore the importance of
taking the high surface density of the lower-z contaminants into
account in the ultra-high-redshift galaxy search.
Observations with an additional NIRCam medium-band

filter limit the possibility of low-z contamination to a very
narrow redshift window (Δz 0.1; e.g., Naidu et al. 2022a).
This strategy helps to mitigate the probability of low-z
contaminants. However, it is worth noting that another z∼ 17
candidate, CEERS-93316, despite also being observed with the
medium-band filter of F410M, has been spectroscopically
confirmed at z = 4.91 (Arrabal Haro et al. 2023a). This also
highlights the high surface density of the lower-z contaminants.

5.4. Remaining Low-z Possibilities

In Sections 5.1 and 5.2, we find that the subsets of QG and
QSO/AGN populations actually have strong enough optical

Figure 7. Left: stellar mass function (SMF) for galaxies. The red symbols represent the abundance of the z ∼ 11–17 candidates in the case that they are the lower-z
line-emitting red objects at z ∼ 2–5. The gray and green squares show the COSMOS2015 results for entire and quiescent galaxies (QGs) at z ∼ 3–3.5 (Davidzon
et al. 2017). The green curve with the shaded region is the best-fit Schechter function with 1σ error for z ∼ 3–3.5 QGs (Davidzon et al. 2017). Right: LF for z ∼ 4–5
QSOs/AGNs compiled from the literature. The red symbols are the same as the left panel. The black line with the shaded region is the best-fit Double Power Law
(DPL) function with 1σ error estimated for X-ray QSOs/AGNs (Giallongo et al. 2019). In both panels, the dashed curve represents the possible abundance of the QGs
and the type II and/or dusty type I QSOs/AGNs with strong emission lines by scaling the QG SMF and the QSO/AGN LF by 4% and 40%, respectively, based on
their EW([O III]+Hβ) distributions (Section 5.1), indicating that these populations can be abundant low-z interlopers in the survey volumes used for the identification
of some of these z ∼ 11–17 candidates. The dotted curve in the right panel shows the 5% scaling case for reference. TheMstar and MUV values are taken from the best-
fit SEDs forced at z < 8 with CIGALE (green curves in Figure 3). GHZ1/GLz11 in this forced lower-z solution showsMUV ∼ −10 mag, located outside of the figure in
the right panel.
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emission lines that produce reasonable SED fits (Δχ2 4) in
some of the z∼ 11–17 candidates. In Section 5.3, we confirm
that the abundance of such type II and/or dusty type I QSOs/
AGNs with strong enough emission lines is higher than that of
the z∼ 11–17 candidates, while the abundance of such QG
populations is negligible, except for HD1. These results
indicate the need to consider the relative surface densities of
lower-z contaminants in the ultra-high-z galaxy search.

In Table 5, we summarize the remaining low-z possibilities
for each candidate. If the abundance of the lower-z population
is comparable or overwhelming (see Figure 7) and the low-z
solution shows Δχ2 4 from the best-fit high-z solution (see
Figure 6), we regard the low-z solution as the remaining
possibility. This makes the QG+AGN solution in S5-z17-1
unlikely plausible because of its negligibly small abundance
(Section 5.3). We find that GHZ1/GLz11 denies all lower-z
solutions, showing Δχ2> 20 in every type of the lower-z
object we investigate in this paper. The reason for this is simply
because of the fact that the most robust dropout feature is
observed in GHZ1/GLz11 between the F115W and F150W
filters by ∼2.9 mag (see ∼1.6–2.1 mag in the other three
candidates). On the other hand, the other three sources all have
the remaining low-z solutions both from Δχ2 and abundance
perspectives, indicating that the low-z solutions cannot be ruled
out in the majority of the ultra-high-z galaxy candidates.

Interestingly, we find that the possibility of the type II or
dusty type I QSOs/AGNs remains in S5-z17-1 and GHZ2/
GLz13 that fill the most UV luminous and compact parameter
space among the recent JWST high-z candidates at z> 9 with
re= 0 02–0 05 (see, e.g., Figure 18 in Ono et al. 2023). While
numerical simulations confirm the presence of such a compact
galaxy forms at z> 10 (Yajima et al. 2022; see also discussion
in Ono et al. 2023), the remarkably compact size might be
caused by nonnegligible contribution of the emission from the
QSO/AGN. This implies a very intriguing scenario of the
emergence of the QSO/AGN at z> 10, or the lower-z
interloper of the type II and/or dusty type I QSO/AGN. We
also refer the reader to the discovery of a remarkably UV bright
(MUV;−24.4), compact, very blue (βUV;−2.2), dust- and
metal-poor starburst galaxy at z = 2.5 (Marques-Chaves et al.
2020), which suggests that we may be witnessing similar
objects at z 11. Nevertheless, the rest-UV effective radius of
the z = 2.5 object is measured to be re; 1.2 kpc (Marques-
Chaves et al. 2020). These results suggest that S5-z17-1 and
GHZ2/GLz13 are almost 10 times more compact than the
z = 2.5 object, while the complex NIRCam point-spread

function (PSF) is not yet fully characterized, and some relevant
uncertainties may remain.54 Following the recent successful
spectroscopic confirmations of galaxies at z 9 with JWST/
NIRSpec (e.g., Curtis-Lake et al. 2023; Roberts-Borsani et al.
2023; Williams et al. 2023; Arrabal Haro et al. 2023a, 2023b;
Bunker et al. 2023; Fujimoto et al. 2023; Hsiao et al. 2023;
Tang et al. 2023), confirmation of the FIR line candidate with
ALMA, and/or making spectroscopic follow-up with JWST/
NIRSpec, will be crucial for these UV-bright z∼ 11–17
candidates to reach a definitive conclusion.

6. Summary

In this paper, we present the ALMA Band 7 observations of
a remarkably bright and high-redshift galaxy candidate S5-z17-
1 (MUV=−21.6 at zphot∼ 17) with a robust NIRCam/F200W
dropout feature identified in JWST ERO data of Stephan’s
Quintet. The number of UV-bright high-z candidates at z> 9
exceeds most pre-JWST predictions, remarking on the
importance of testing lower-z contaminants, especially from
populations with a red continuum and strong emission lines,
which can produce similar dropout features of high-z galaxies
in the NIRCam filters. In conjunction with the other three UV-
bright z 11 candidates recently observed ALMA, we system-
atically conduct the SED analysis over the optical-to-millimeter
wavelengths and discuss their physical properties in their high-
z solutions and remaining low-z possibilities for each candidate.
This is the first ALMA FIR census for the best candidates of
remarkably UV-bright and high-redshift candidates at z 11
from the community, including the initial FIR characterization
of the F200W dropout population newly identified with JWST.
The main findings of this paper are summarized as follows:

1. Based on the SED analysis with the latest NIRCam
photometry using CIGALE and EAZY, we confirm that a
very-high-z solution of z� 16 is favored in S5-z17-1,
while we also confirm that a red object at z∼ 4.6 with
strong emission lines with the rest-frame equivalent width
of EW([O III]+Hβ) = 450Å produces the dropout feature
between F200W and F277W filter. For plausible
estimates of the surface densities of such lower-z
populations, the probability of the z∼ 4.6 solution is
comparable to the high-z solution, indicating that this
source may lie at lower redshifts than originally claimed.

Table 5
Remaining Low-z Possibilities from Δχ2 and Abundance Perspectives

Source Name Possible Low-z Population zphot (χ
2) Δχ2a Note

S5-z17-1 Type II or dusty type I QSO/AGN -
+4.79 0.60

0.02 (3.29) 2.17 Very compact ( =  
-

+r 0. 05e 0. 02
0. 03)

(QG+AGN) -
+4.58 0.42

0.18 (5.46) 4.34 Unlikely from the possible abundance

GHZ1/GLz11 L L L The most secure candidate at z  11
owing to [F115W] − [F150W] > 2.9 mag

GHZ2/GLz13 Type II or dusty type I QSO/AGN -
+3.38 0.23

0.01 (7.18) 1.91 Very compact ( =  
-

+r 0. 02e 0. 00
0. 01)

HD1 QG+AGN -
+3.51 0.33

0.04 (2.01) 1.86

Note.
a Difference of the χ2 value from the best-fit high-z galaxy solution at z ∼ 11–17 summarized in Table 4, suggesting that high-z solution is still favored in every
candidate.

54 The difference in the PSF shape has been reported between the JWST
software tool webbpsf and the empirical approach using stars observed in the
NIRCam field of view (e.g., Ding et al. 2023; Ono et al. 2023).
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2. We do not detect dust continuum at 866 μm from S5-
z17-1, placing the 2σ upper limit at 90.0 μJy. We adopt a
spectral dust index of 2.0 and dust temperature of
Td= 90 K by extrapolating the Td–z evolution model
(Sommovigo et al. 2022) to z= 18, which is consistent of
the lower limit of Td> 80 K obtained from the radiative
equilibrium model (Inoue et al. 2020; Fudamoto et al.
2022) based on a clumpy ISM assumption and a very
compact effective radius of re∼ 140 pc measured in Ono
et al. (2023). By assuming the single modified blackbody,
we estimate the upper limit of the infrared luminosity of
LIR< 1.2× 1012 Le, which corresponds to SFR
< 120Me yr−1. In the case that S5-z17-1 is a lower-z
object at z∼ 4.6, we infer LIR< 2.8× 1011 Le and SFR
< 28Me yr−1.

3. We identify a line feature with the 5.1σ level at
338.726± 0.007 GHz exactly at the source position. By
running the blind line search algorithm of FINDCLUMP,
the fidelity is estimated to be ∼50% in the entire data
cube, suggesting that the realistic fidelity at the source
position is much higher. We estimate the line width of
FWHM = 118± 20 km s−1 and the line intensity of
Iline= 0.35± 0.07 Jy km s−1. Based on potential redshift
solutions, this line candidate is most likely either [C II]
158 μm at z= 4.6108± 0.0001 or [O III] 52 μm at
z= 16.0089± 0.0004. Although systematic uncertainties
remain in applications of empirical relations, we confirm
that the SFR value inferred from the line luminosity is
consistent with that estimated from the upper limit of LIR
in both cases. Either the JWST/NIRSpec and/or the
ALMA 88 μm line follow-up will give a definitive
conclusion as to which redshift solution is true.

4. Together with three similarly UV-bright high-redshift
candidates at z 11 recently observed ALMA–GHZ1/
GLz11 (Yoon et al. 2023), GHZ2/GLz13 (Bakx et al.
2023), and HD1 (Harikane et al. 2022; Kaasinen et al.
2023), we conduct the optical-to-millimeter SED analysis
including the new ALMA photometry. Owing to the deep
constraints from ALMA, we find that the high-z solution
is strengthened in every candidate as a result of the very
blue (UV continuum slope of βUV≈−2.3) and luminous
(MUV≈ [−24:−21]) system.

5. Based on the best-fit SEDs at z 11, we compare IRX
(≡LIR/LUV), βUV, and Mstar properties of these four
candidates at z 11 with other high-z star-forming
galaxies from recent ALMA studies, including the
REBELS sources at z∼ 7 (Bouwens et al. 2022; Inami
et al. 2022). We find that the z 11 candidates have
generally bluer and less IR-bright properties compared to
the REBELS sample, although they place a similar Mstar

regime and are both dominating the bright-end of the UV
LF at these redshifts. This might indicate a transition
taking place in the dust properties of early galaxies
between z 11 and z∼ 7 such as the powerful dust
ejection due to the radiation pressure in the very early
system at z 11. We also find that HD1 explores the
most massive, bluest, and IR-faintest parameter space
among these high-z star-forming galaxies.

6. We also examine remaining low-z possibilities due to
line-emitting red objects other than dusty star-forming
galaxies. We verify type II and/or dusty type I quasars
(QSOs)/AGNs and AGNs emerged in QGs based on

their EW([O III]+Hβ) distributions, optical-to-millimeter
SED properties, and their possible abundances. Given the
survey volumes used for these z∼ 11–17 candidates, we
find that the abundance of the QG+AGN population is
negligibly small, except for HD1, while the abundance of
the type II and/or dusty type I QSOs/AGNs actually
overwhelms all of these candidates. We also find that the
SED template of the type II QSOs and QGs including
strong emission lines produces reasonable SED fits with
Δχ2 4 in all candidates, except for GHZ1/GLz11
because of the most robust continuum break by ∼2.9 mag
between F115W and F150W filters. These results suggest
that lower-z possibilities are not ruled out in several of the
z 11 candidates and the importance of considering the
relative surface density of the lower-z contaminants in the
ultra-high-z galaxy search. The detailed physical process
of the dust attenuation and the ionizing background
associated with the QSOs/AGNs to produce the strong
emission lines with the red continuum in these potential
lower-z interlopers is beyond this paper, though these
topics need to befurther discussed in future works.
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Appendix A
JWST and HST Photmetry

In Table 6, we summarize the photometry used in our SED
analysis. The photometry is evaluated with a circular aperture
in 0 5 diameter and corrected to the total flux. A potential
systematic uncertainty is added by 10% of the total flux in the
error. For HD1, we use the optical-to-NIR photometry
estimated in Harikane et al. (2022).

55 https://s3.amazonaws.com/grizli-v2/JwstMosaics/v4/index.html
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Table 6
JWST and HST Photometry Used in Our SED Analysis for z ∼ 11–17 Candidates

ID F606W F775W F814W F090W F105W F115W F125W F150W F160W F200W F277W F356W F444W
(nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy) (nJy)

S5-z17-1 L L L 8.9 ± 20.4 L L L 10.9 ± 13.2 L 2.4 ± 10.5 89.5 ± 11.2 84.1 ± 10.8 72.4 ± 11.4
GHZ1 −40.6 ± 18.7 L −7.3 ± 20.6 2.7 ± 2.1 7.2 ± 19.9 −1.2 ± 1.9 18.6 ± 19.5 56.6 ± 6.2 57.1 ± 24.9 72.5 ± 7.6 79.1 ± 8.2 83.9 ± 8.6 108.8 ± 11.0
GHZ2 6.1 ± 4.5 1.2 ± 6.0 L −0.6 ± 2.5 L 4.9 ± 3.5 L 13.1 ± 3.0 L 91.0 ± 9.5 80.9 ± 8.5 71.5 ± 7.5 77.7 ± 8.0
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Appendix B
Possibility of CO(3–2)

In Section 3.3, we detected the FIR line at
338.726± 0.007 GHz at the 5.0σ level. Apart from the [C II]
158 μm at z = 4.6 and [O III] 52 μm at z = 16.0 discussed in
Section 3.4, another possibility could be CO(3–2) at
z= 0.0208± 0.002, because the galaxies composed of Ste-
phan’s Quintet take the range of z = 0.0193–0.0225.56 More-
over, recent NIRCam observations have identified dusty star
clusters in the local galaxy of VV114, where several of them
are very red in F150W− F200W, but blue in F200W− F356W
(Linden et al. 2023). This implies that some specific SED
shapes of the dusty star clusters might also reproduce the Lyα
break. We thus also explore the CO(3–2) possibility by
verifying if the SED shape of the dusty stellar clump satisfies
the NIRCam color properties of S5-z17-1.

By using the dust-corrected SED of the star clusters in the
local galaxy presented in Fernández-Ontiveros et al. (2009), we

apply the dust extinction curves (AV= 1, 5, 10, and 20) of
Calzetti et al. (2000) to the SED and examine the SED shape at
∼1–5 μm wavelengths. We find that an SED shape similar to
the Lyα break indeed appears due to the combination of the
intrinsic stellar SED shape with a peak at ∼1.6 μm and the
smaller amount of dust extinction at longer wavelengths, but
the break occurs only at ∼1–1.5 μm, and the dropout feature
between F200W and F277W cannot be reproduced. We thus
conclude that the NIRCam color properties of S5-z17-1 are
hard to reproduce by the local star clusters, and thus the
interpretation of CO(3–2) is unlikely.

Appendix C
CIGALE Parameters for the Final Fit

In Table 7, we summarize the parameters and their
boundaries used for the SED fitting with CIGALE in
Section 3.

Table 7
CIGALE Modules and Input Parameters Used for All of the Fits

Parameters Symbol Range

Delayed SFH and recent burst

e-folding timescale of the delayed SFH τmain (Myr) 100, 250, 500, 1000
Age of the main population Agemain (Myr) 51 log values in (1: 3.3)
Burst fburst No burst

SSP

SSP BC03

Initial mass function IMF Chabrier

Metallicity Z 0.0004, 0.004, 0.02

Nebular emission

Ionization parameter log U −2.0

Line width (km s−1) L 150

Gas-phase Metallicity zgas 0.0004, 0.004, 0.02

Electron density ne 100

Dust attenuation law

Color excess for both the old and young stellar populations E_BV_lines 21 log values in (−3: 1.3)

Reduction factor to apply on E_BV_lines to compute E(B − V ) s the stellar continuum attenuation E_BV_factor 1.0

Bump amplitude uv_bump_amplitude 0.0

Power-law slope power law_slope 0.0

Extinction law to use for attenuating the emission lines flux Ext_law_emission_lines SMC

Ratio of total to selective extinction, AV/E(B – V ) Rv 3.1

Dust emission (DL2014)

Mass fraction of polycyclic aromatic hydrocarbons qPAH 0.47

Minimum radiation field Umin 5.0

Power-law slope dU/dM ≈ Uα
—α 2.0

Dust fraction in photodissociation regions γ 0.1

No AGN emission

Note. BC03 indicates Bruzual & Charlot (2003), and the Chabrier IMF refers to Chabrier (2003).

56 http://ned.ipac.caltech.edu/
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Appendix D
Fidelity of Line

We investigate the fidelity of the line detection at
338.726± 0.007 GHz by using a blind line search algorithm
of FINDCLUMP. Figure 8 summarizes the fidelity as a function
of SNR of the 3D clump evaluated with FINDCLUMP. We find
the excess in the positive histogram at SNR> 5.0, which
assures the line detection of 338.726± 0.007 GHz. Although
the fidelity curve suggests that the fidelity at SNR = 5.1 is
∼50%, we emphasize that this is a blind search in the full data
cube. Given no spatial offsets of the line and the target source,
the realistic fidelity increases much higher than 50%.
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