
Radio and far-IR emission associated with a massive star-forming
galaxy candidate at z ≃ 6.8: a radio-loud AGN in the reionization era?
Endsley, R.; Stark, D.P.; Fan, X.; Smit, R.; Wang, F.; Yang, J.; ... ; Schouws, S.T.M.

Citation
Endsley, R., Stark, D. P., Fan, X., Smit, R., Wang, F., Yang, J., … Schouws, S. T. M. (2022).
Radio and far-IR emission associated with a massive star-forming galaxy candidate at z ≃
6.8: a radio-loud AGN in the reionization era? Monthly Notices Of The Royal Astronomical
Society, 512(3), 4248-4261. doi:10.1093/mnras/stac737
 
Version: Accepted Manuscript
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3514935
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3514935


MNRAS 000, 1–14 (2021) Preprint 15 March 2022 Compiled using MNRAS LATEX style file v3.0

Radio and Far-IR Emission Associated with a Massive Star-forming
Galaxy Candidate at z'6.8: A Radio-Loud AGN in the Reionization Era?

Ryan Endsley1★, Daniel P. Stark1, Xiaohui Fan1, Renske Smit2, Feige Wang1,
Jinyi Yang1,3, Kevin Hainline1, Jianwei Lyu1, Rychard Bouwens4, Sander Schouws4
1Steward Observatory, University of Arizona, 933 N Cherry Ave, Tucson, AZ 85721 USA
2Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, United Kingdom
3Strittmatter Fellow
4Leiden Observatory, Leiden University, NL-2300 RA Leiden, Netherlands

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
We report the identification of radio (0.144–3 GHz) and mid-, far-infrared, and sub-mm (24–850`m) emission at the position
of one of 41 UV-bright (MUV . −21.25) 𝑧 ' 6.6 − 6.9 Lyman-break galaxy candidates in the 1.5 deg2 COSMOS field. This
source, COS-87259, exhibits a sharp flux discontinuity (factor >3) between two narrow/intermediate bands at 9450 Å and 9700
Å and is undetected in all nine bands blueward of 9600 Å, as expected from a Lyman-alpha break at 𝑧 ' 6.8. The full multi-
wavelength (X-ray through radio) data of COS-87529 can be self-consistently explained by a very massive (M∗ = 1010.8 M�)
and extremely red (rest-UV slope 𝛽 = −0.59) 𝑧 ' 6.8 galaxy with hyperluminous infrared emission (LIR = 1013.6 L�) powered
by both an intense burst of highly-obscured star formation (SFR≈1800 M� yr−1) and an obscured (𝜏9.7`m = 7.7± 2.5) radio-loud
(L1.4 GHz ≈ 1025.4 W Hz−1) AGN. The radio emission is compact (1.04±0.12 arcsec) and exhibits an ultra-steep spectrum
between 1.32–3 GHz (𝛼 = −1.57+0.22−0.21) that flattens at lower frequencies (𝛼 = −0.86+0.22−0.16 between 0.144–1.32 GHz), consistent
with known 𝑧 > 4 radio galaxies. We also demonstrate that COS-87259 may reside in a significant (11×) galaxy overdensity, as
common for systems hosting radio-loud AGN. While we find that low-redshift solutions to the optical+near-infrared data are not
preferred, a spectroscopic redshift will ultimately be required to establish the true nature of COS-87259 beyond any doubt. If
confirmed to lie at 𝑧 ' 6.8, the properties of COS-87259 would be consistent with a picture wherein AGN and highly-obscured
star formation activity are fairly common among very massive (M∗ > 1010 M�) reionization-era galaxies.

Key words: galaxies: high-redshift – radio continuum: galaxies – submillimetre: galaxies – dark ages, reionization, first stars –
galaxies: evolution

1 INTRODUCTION

Deep optical and near-infrared imaging surveys conducted with the
Hubble Space Telescope (HST) have uncovered over one thousand
Lyman-break galaxies at 𝑧 > 6 (e.g. McLure et al. 2013; Atek et al.
2015; Bouwens et al. 2015a; Finkelstein et al. 2015; Ishigaki et al.
2018), providing our first census of unobscured star formation in the
reionization era. The galaxies in these deep but small-area surveys
(∼0.2 deg2 total) tend to have lowUV luminosities (MUV > −20) and
correspondingly low stellar masses (M∗ < 109M�; e.g. Bhatawdekar
et al. 2019; Stefanon et al. 2021). The rest-UV continuum slopes of
these galaxies are blue (𝛽 < −2; e.g. Bouwens et al. 2014), consistent
with minimal reddening from dust. The Spitzer/IRAC photometry
shows evidence for very intense rest-optical emission lines (Labbé
et al. 2013; Smit et al. 2014, 2015;DeBarros et al. 2019; Endsley et al.
2021a), as expected for systems with large specific star formation
rates and rapidly rising star formation histories. These low luminosity
star-forming systems are thought to play a significant role in driving
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the reionization process (e.g. Bouwens et al. 2015b; Robertson et al.
2015; Ishigaki et al. 2018; Finkelstein et al. 2019; Naidu et al. 2020).
Over the last five years, attention has begun to turn to 𝑧 > 6

galaxies identified over much wider areas (> 5 deg2) in ground-based
imaging datasets (e.g. McCracken et al. 2012; Jarvis et al. 2013;
Aihara et al. 2019). The wide areas offer several advantages with
respect to earlier studies. By probing larger volumes, they enable the
identification of rare UV-bright (MUV < −21.5) galaxies, providing
a first census of the most massive (M∗ > 1010 M�) UV-luminous
star-forming systems in the reionization era (e.g. Bowler et al. 2014,
2020; Stefanon et al. 2017, 2019; Ono et al. 2018; Endsley et al.
2021a). Because of the brightness of this population (𝐽=24–25), they
provide an ideal sample for detailed investigation of the gas, dust,
and stellar populations in early UV-luminous galaxies. Many of these
galaxies are likely to trace overdense regions, some of which may
have carved out large ionized regions in the mostly neutral IGM. The
wide-area imaging surveys are large enough to characterize these
environments and (via Ly𝛼 emission follow-up) begin mapping the
likely size of ionized bubbles in their vicinity (e.g. Castellano et al.
2018; Endsley et al. 2021b; Endsley & Stark 2022; Hu et al. 2021).

© 2021 The Authors
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Large samples of UV-luminous reionization-era systems have now
been identified via standard dropout selection techniques over these
wide-area ground-based imaging fields. Initial efforts have focused
on characterizing the luminosity function (Bowler et al. 2014, 2020;
Stefanon et al. 2017; Ono et al. 2018) and stellar mass function (Ste-
fanon et al. 2019) of the UV-bright galaxies. The broadband SEDs
have revealed comparably intense [OIII]+H𝛽 emission and specific
star formation rates as are seen in less luminous galaxies (Endsley
et al. 2021a), suggesting broadly similar recent star formation his-
tories. The rest-UV colors of the most UV-luminous galaxies tend
to be fairly blue (average 𝛽 = −2) suggesting typically low dust
reddening at the bright end of the UV luminosity function. Work is
now extending these studies to other wavelengths, building a more
complete picture of the gas and dust in early UV-luminous galax-
ies. Most of this progress has come from ALMA, which has proven
very effective at detecting far-IR cooling lines (i.e., [CII], [OIII]) and
dust continuum emission in the UV-bright population (Matthee et al.
2017, 2019; Bowler et al. 2018; Carniani et al. 2018a,b; Smit et al.
2018; Hashimoto et al. 2019; Bouwens et al. 2021; Schouws et al.
2021).
An essential next step is to better understand the characteristics

of the most massive (M∗ > 1010 M�) reionization-era galaxies, in-
cluding those which are substantially reddened by dust. One notable
benefit of explicitly studying massive sources is that they would pro-
vide an improved census of highly obscured star formation activity in
the very early Universe (Casey et al. 2018). Typical UV-bright galax-
ies at 𝑧 ∼ 7 − 8 often show relatively weak dust continuum emission
consistent with obscured SFRs .30 M� yr−1 (e.g. Bowler et al.
2018; Bouwens et al. 2021; Schouws et al. 2021), far lower than that
of 𝑧 > 6 sub-mm selected systems (∼500–3000 M� yr−1; Riechers
et al. 2013; Marrone et al. 2018; Zavala et al. 2018). The parameter
space between these two populations is conceivably occupied by very
massive galaxies with exceptionally red rest-UV slopes (𝛽 & −1) that
can be difficult to identify with broad-band Lyman-break selection
techniques.
Detailed studies of very massive reionization-era galaxies may

additionally deliver important clues into the properties of early su-
permassive black holes (SMBHs).Much attention has been dedicated
to answering how the >109M� black holes inferred to power several
𝑧 > 6 quasars (e.g. Mortlock et al. 2011; Wu et al. 2015; Baña-
dos et al. 2018; Yang et al. 2020b; Wang et al. 2021) were able to
form at such early times (see Inayoshi et al. 2020 for a review). A
key observational stepping stone towards answering this question is
to expand our view of 𝑧 > 6 AGN activity beyond type 1 quasars
to include obscured AGN hosted by the broader massive galaxy
population (Vito et al. 2019; Onoue et al. 2021). Additional efforts
constraining the frequency of various AGN modes (e.g. radio-loud
or super-Eddington accretion) in these massive galaxies can provide
insight into not only early SMBH growth mechanisms, but also how
SMBHs first co-evolved with their host galaxies (e.g. Kormendy &
Ho 2013; Hardcastle & Croston 2020; Bañados et al. 2021).
In this work, we take a step towards better characterizing the ob-

scured star formation and AGN activity within very massive (M∗
> 1010 M�) reionization-era galaxies utilizing deep X-ray through
radio data available over the 1.5 deg2 COSMOS field (Scoville et al.
2007a). The sources explored in this study are drawn from a par-
ent sample of 41 Lyman-break galaxy candidates at 𝑧 ' 6.6 − 6.9
(Endsley et al. 2021a). While all these galaxies are UV-bright
(MUV . −21.25), the unique narrow-band dropout selection tech-
nique employed by Endsley et al. (2021a) nonetheless enables the
identification of exceptionally red (𝛽 > −1) dust-enshrouded mas-
sive systems at 𝑧 ' 7.
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Figure 1. Illustration of how narrow/intermediate band data in COSMOS
assists in the identification of 𝑧 ' 7 Lyman-break galaxies. In COSMOS,
deep imaging exists in three narrow/intermediate bands covering 0.9–1`m
(HSC nb921, ib945, and nb973). These data effectively act as low-resolution
(𝑅 ∼ 40) spectra, enabling us to identify sharp flux discontinuities indicative
of 𝑧 ' 7 Ly𝛼 breaks. In the top panel, we show the filter transmission curves
(arbitrarily normalized) of the bands from Subaru/Hyper Suprime-Cam and
VISTA/VIRCam at 0.85–2.5`m, with the narrow/intermediate band filter
curves colored for clarity. In the bottom panel, we show a mock SED (again
for illustrative purposes) of a 𝑧 = 6.8 galaxywith circles showing the synthetic
photometry. A sharp break is evident with the narrow/intermediate-band data.

We report the detection of 1.4 and 3 GHz radio emission at
the position of an extremely massive (M∗ = 1010.8 M�) and
red (𝛽 = −0.59) galaxy in this 𝑧 ' 6.6 − 6.9 sample (COS-
87259). We also identify spatially-coincident emission in the mid-IR
(Spitzer/MIPS), far-IR (Herschel/PACS and Herschel/SPIRE), and
sub-mm (JCMT/SCUBA-2). The multiwavelength SED of COS-
87259 is fit well by a 𝑧 ' 6.8 solution, with the infrared emission
powered by highly-obscured star formation (SFR≈1800 M� yr−1)
and an obscured radio-loud AGN. We discuss the possibility of low-
redshift solutions and compare the properties of COS-87259 to the
sample of known high-redshift radio galaxies (e.g. Saxena et al.
2018b; Drouart et al. 2020; Yamashita et al. 2020) as well as hot
dust-obscured galaxies (e.g. Stern et al. 2014; Assef et al. 2015; Fan
et al. 2016). If this system is confirmed to lie at 𝑧 ' 6.8, it would
add evidence that AGN may be fairly common in the most massive
(> 1010 M�) 𝑧 > 6 galaxies, and would further support a picture
wherein massive galaxies contribute significantly to the cosmic star
formation rate budget during reionization.
Throughout this paper, we quote magnitudes in the AB sys-

tem (Oke & Gunn 1983), employ a Chabrier (2003) IMF, adopt
a flat ΛCDM cosmology with parameters ℎ = 0.7, ΩM = 0.3, and
ΩΛ = 0.7, and report 68% confidence interval uncertainties unless
otherwise specified.

MNRAS 000, 1–14 (2021)
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2 LYMAN-BREAK SAMPLE SELECTION

In this paper, we discuss a sample of 𝑧 ' 7 Lyman-break galaxies
identified over the 1.5 deg2 COSMOS field. COSMOS has been im-
aged with Subaru/Hyper Surpime-Cam (HSC; Aihara et al. 2019;
Inoue et al. 2020), VISTA/VIRCam (McCracken et al. 2012), and
Spitzer/IRAC (Steinhardt et al. 2014; Ashby et al. 2018), provid-
ing deep optical and infrared data in 16 filters. Of particular utility
for the selection of reionization-era galaxies is the availability of
deep imaging in three narrow/intermediate bands at 0.9–1`m from
HSC (nb921, ib945, and nb973) which cover the wavelength range
associated with the Ly𝛼 break at 𝑧 ' 7 (see Fig. 1). With central
wavelengths of 9200, 9450, and 9700 Å, these narrow/intermediate-
band images yield flux measurements in bins of Δ_ = 250 Å thereby
effectively providing low-resolution (𝑅 ∼ 40) spectra in the wave-
length range needed for identifying 𝑧 ' 7 galaxies. The improved
spectral sampling better pinpoints the observed wavelength where
the flux drops off and helps distinguish the sharp flux discontinuities
of 𝑧 ' 7 Ly𝛼 breaks from the very red, yet relatively smooth spectra
of low-redshift dusty galaxies.
Employing this narrow-band dropout technique, Endsley et al.

(2021a, hereafter E21a) identified a sample of 𝑧 ' 6.6 − 6.9 UV-
luminous (MUV < −21) Lyman-break galaxy candidates over COS-
MOS. This paper presents a possible radio-detected AGN in this
sample. To put the initial selection of this source in context, we
summarize the parent sample selection and properties below. For
more information, the reader is directed to E21a. The galaxies were
selected with the following color cuts1 to identify sharp flux discon-
tinuities expected of Ly𝛼 breaks: z−y>1.5, z−Y>1.5, nb921−Y>1,
and y−Y<0.4. As discussed in E21a, the nb921 dropout criterion
identifies systems with a break redward of 0.92`m (𝑧 & 6.6) while
the lack of a strong dropout in y limits the position of the Ly𝛼 break
to .0.96`m, i.e. 𝑧 . 6.92. Motivated by sensitivity in IRAC, all
galaxies were selected to have apparent magnitudes of J<25.7 or
K𝑠 <25.5, corresponding to MUV . −21.25, which is more than
twice the characteristic UV luminosity at 𝑧 ∼ 7 (Bowler et al. 2017).
The E21a selection yields a sample of 41 𝑧 ' 6.6 − 6.9 star-

forming systems. The galaxies are UV-bright with a mean absolute
magnitude of MUV = −21.6 (or 2.5 L∗UV; Bowler et al. 2017). The
redshift range of the selection places [OIII]+H𝛽 emission in the
IRAC [3.6] bandpass, leaving [4.5] free of strong nebular emission.
As a result, the degeneracy between nebular emission and old stellar
populations is diminished, improving the reliability of the stellar
mass inferences. E21a present derived stellar populations for the
sample, revealing an average stellar mass of 109 M� with values
extending up to 2×1010 M� . Spectroscopic follow-up of a subset
of these systems have yielded multiple Ly𝛼 confirmations (Endsley
et al. 2021b), demonstrating the efficacy of this narrow-band dropout
selection.

1 The HSC ib945 and nb973 data from CHORUS (Inoue et al. 2020) were
not yet available during the selection analysis of E21a. We revisit how these
two filters improve the redshift determination of COS-87259 in §4.1.
2 The exact redshift interval from any broadband Lyman-break selection is
inherently dependent on the assumedLy𝛼 equivalent width (EW). Our quoted
𝑧 .6.9 upper limit assumes Ly𝛼 EW of 10 Å as typical for UV-luminous
𝑧 ' 7 galaxies (Endsley et al. 2021b).
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Figure 2. Postage stamp cutouts centered at the near-IR position of COS-
87259 in the VLA 3 and 1.4 GHz (top), Spitzer/MIPS 24`m and Her-
schel/SPIRE 250`m (middle), as well as HST F160W (bottom) bands. In
the top row, the VLA 2, 3, and 4𝜎 contours are shown in red overlaid on
the near-IR yYJHK𝑠 𝜒2 stack image. The VLA beam size is shown in the
bottom right of each panel. In the bottom row, we show the unsmoothed
WFC3/F160W image on the left while the right image shows the result of
smoothing using a 2D Gaussian kernel with 𝜎=1 pixel (0.1′′/pixel). The red
lines in the middle and bottom rows mark the near-IR centroid of COS-87259
measured from the yYJHK𝑠 𝜒2 image.

3 MULTI-WAVELENGTH OBSERVATIONS

While investigating the physical properties of themostmassive galax-
ies in the E21a COSMOS sample, we noted the presence of radio
emission at the position of COS-87259 (see Fig. 2; RA= 09:58:58.27,
Dec =+01:39:20.2) in the public 1.4 and 3GHzVLAmosaics (Schin-
nerer et al. 2007; Smolčić et al. 2017). We subsequently found that
this source appears to have detections in data from Spitzer/MIPS,
Herschel/PACS, Herschel/SPIRE, and JCMT/SCUBA-2 (Fig. 2).
This is the only source in the E21a sample that is detected in
Spitzer/MIPS, Herschel, JCMT, or VLA data. E21a report prop-
erties of the source, revealing it to be among the most massive and
oldest objects in the photometric sample, with significant UV-optical

MNRAS 000, 1–14 (2021)
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Table 1. Optical through radio flux density measurements at the position of
COS-87259. We report 2𝜎 upper limits in cases of non-detections.

Band Flux [`Jy] Band Flux [`Jy]

HSC g <0.017 IRAC 3.6`m 2.75±0.10
HSC r <0.022 IRAC 4.5`m 2.77±0.12

HSC nb718 <0.056 IRAC 5.8`m 4.42±1.04
HSC i <0.027 IRAC 8.0`m <4.88

ACS F814W <0.027 MIPS 24`m 179.7±6.4
HSC nb816 <0.054 PACS 100`m 5100±1370
HSC z <0.030 PACS 160`m 10130±4260

HSC nb921 <0.051 SPIRE 250`m 8830±1120
HSC ib945 <0.062 SPIRE 350`m 8090±1600
HSC nb973 0.20±0.06 SPIRE 500`m 11130±2220
HSC y 0.18±0.04 SCUBA-2 850`m 6300±1650
VIRCam Y 0.22±0.04 VLA 3 GHz 20.0±2.6
VIRCam J 0.37±0.05 VLA 1.4 GHz 96.3±14.4
WFC3 F160W 0.44±0.12 MeerKAT 1.32 GHz 71.3±8.5
VIRCam H 0.56±0.05 LOFAR 144 MHz 475±180
VIRCam K𝑠 0.67±0.09 - -

reddening from dust. We will revisit these properties in §4. Before
doing so, we first describe existing observations of this galaxy, de-
tailing the optical/near-infrared (§3.1), radio (§3.2), mid/far-infrared
(§3.3), and X-ray (§3.4) flux measurements. In §3.5, we detail MMT
optical spectroscopy of COS-87259. Table 1 summarizes the multi-
wavelength flux density measurements.

3.1 Optical to Near-Infrared Observations of COS-87259

COS-87259 is covered by deep optical and near-infrared (0.3–5`m)
observations from Subaru/HSC, VISTA/VIRCam, and Spitzer/IRAC
(McCracken et al. 2012; Steinhardt et al. 2014; Ashby et al. 2018;
Aihara et al. 2019; Inoue et al. 2020).Wemeasure the optical/near-IR
flux densities using the approach of E21a where HSC and VIRCam
fluxes are computed in 1.2′′ diameter apertures while the IRAC
3.6 and 4.5`m fluxes are computed in 2.8′′ diameter apertures due
to the broader PSF. When calculating the IRAC photometry, we
employ a deconfusion algorithm that first estimates the flux profiles
of neighboring sources from the yYJHK𝑠 𝜒2 prior and then subtracts
off those neighboring flux profiles from the IRAC image (see E21a
for further details). We find minimal confusion for COS-87259 in the
IRAC bands as neighboring sources are inferred to only contribute
3–6% of the flux within the 2.8′′ diameter apertures. All optical and
near-IR flux density measurements are aperture corrected using the
curve of growth calculated from nearby stars (E21a).
COS-87259 is undetected in all eight HSC bands blueward of

nb973 (g, r, i, z, nb718, nb816, nb921, and ib945). The 2𝜎 upper
limiting flux densities in these bands range from <0.017 `Jy in g to
<0.062 `Jy in ib945 (Table 1). Upon stacking the images of all eight
bands we find a total S/N=0.68 in a 1.2′′ diameter aperture centered
on COS-87259, consistent with no flux blueward of ≈9450 Å. COS-
87259 is then detected in nb973 with a flux density of 0.20±0.06
`Jy which matches that measured in the slightly redder HSC y and
VIRCam Y bands (0.18–0.22 `Jy). As discussed further in §4, this
sharp flux discontinuity between the ib945 and nb973 bands (>3×
over 250 Å) is consistent with expectations of a Ly𝛼 break associated
with a 𝑧 ' 6.8 galaxy.
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Figure 3. Illustration of constraints on the spectral slopes (𝑆a ∝ a𝛼) of the
radio emission coincident with COS-87259. The MeerKAT 1.32 GHz (or-
ange diamond; Heywood et al. 2022) and VLA 3 GHz (blue circle; Smolčić
et al. 2017) flux densities reveal an ultra-steep spectrum (𝛼 < −1.3) at high
frequencies. The LOFAR 144 MHz flux density measurement (red square;
Shimwell et al. 2022) indicates that the radio slope of COS-87259 flattens sig-
nificantly at lower frequencies. This flattening is supported by non-detections
in the GMRT 325 and 610MHz bands (green arrows; Tisanić et al. 2019) and
is consistent with the observed properties of 𝑧 > 4 radio galaxies (e.g. Ker
et al. 2012; Saxena et al. 2018a,b; Yamashita et al. 2020). As an example, we
show the radio SED of GLEAM 0856 at 𝑧 = 5.55 in the inset panel which
shows an ultra-steep (𝛼 = −1.51) radio slope at &1.4 GHz yet a relatively
flat slope (𝛼 = −0.78) at .1 GHz (Drouart et al. 2020). The open blue circle
shows the VLA 1.4 GHz flux density measurement (Smolčić et al. 2017)
which has lower S/N relative to the MeerKAT measurement.

The continuum flux density is found to rise smoothly between
the Y (0.22±0.04 `Jy) and K𝑠 bands (0.67±0.09 `Jy), with a best-
fitting spectral slope of Fa ∝ _1.41 across the four VIRCam bands.
Extrapolating this slope to redder wavelengths, we would expect to
measure flux densities of 1.52 and 2.12 `Jy in the IRAC 3.6 and
4.5`m bands, respectively. We instead measure significantly higher
flux densities of 2.75±0.10 and 2.77±0.12 `Jy, respectively. As we
will demonstrate in §4, these relatively large IRAC flux densities
are consistent with a prominent Balmer break at 𝑧 ' 6.8, and the
VIRCam colors are consistent with a red rest-UV continuum slope.
COS-87259 has also been observed with HST using the ACS

F814W (Scoville et al. 2007b; Koekemoer et al. 2007; Massey et al.
2010) and WFC3 F160W (Mowla et al. 2019) bands. We astromet-
rically correct each archival HST image to the Gaia frame using the
IRAF ccmap package. We find no detection in the F814W image
at the position of COS-87259 and measure a 2𝜎 upper limiting flux
density of <0.027 `Jy in an 0.4′′ diameter aperture. This is consistent
with the non-detections in HSC i and zwhich have similar upper lim-
its. The F160W image shows a detection (Fig. 2) with a flux density of
0.44±0.12 `Jy (0.6′′ aperture), consistent within uncertainties with
that measured in VIRCam H. The F160W emission appears slightly
extended along the N-S axis with an estimated deconvolved size of
0.41′′.
We have visually verified that all HSC, HST , VIRCam, and IRAC

data of COS-87259 appear robust. The local background in all images
is smooth and there is no evidence of artificial features or diffraction
spikes affecting the photometric measurements.

MNRAS 000, 1–14 (2021)
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3.2 Radio Observations of COS-87529

Deep radio observations at 1.4 and 3 GHz have been conducted over
theCOSMOSfield from theVLA-COSMOS survey (Schinnerer et al.
2007; Smolčić et al. 2017). The 1.4 and 3 GHz mosaics have beam
sizes of FWHM = 1.5′′ and 0.75′′, respectively, as well as estimated
absolute astrometric precisions of 0.055′′ and 0.01′′. We identify
significant emission near the position of COS-87259 in both the 1.4
and 3 GHz mosaics (Fig. 2), where the S/N at the peak of surface
brightness profile is 4.8 and 4.5 in the respective images. Given the
significance of these detections, we expect their astrometric precision
to be dominated by relative accuracy, which we estimate as (beam
FWHM)/(peak S/N). This results in an astrometric uncertainty of
0.31′′ and 0.17′′ for the 1.4 and 3 GHz detections, respectively. The
3𝜎 contours of the VLA detections overlap with the near-infrared
centroid of COS-87259 within these 1𝜎 uncertainties. We measure
the near-IR centroid from the yYJHK𝑠 𝜒2 stack (see E21a) where
the HSC and VIRCam images have been calibrated to the absolute
reference frame from Gaia. There are no other sources detected in
the near-IR stack that overlap with the 3𝜎 VLA contours within the
2𝜎 positional uncertainties (Fig. 2).
We calculate the VLA flux densities using the blobcat program

(Hales et al. 2012), finding 𝑆1400 = 96.3 ± 14.4 `Jy and 𝑆3000 =

20.0 ± 2.6 `Jy. These measurements indicate an ultra-steep (𝛼 <

−1.3) radio power spectrum between the 1.4 and 3 GHz bands of
𝛼14003000 = −2.06+0.27−0.25 where 𝑆a ∝ a𝛼 (Fig. 3). After fitting the surface
brightness profile to a 2D Gaussian, we find that the detection in
the 3 GHz image is resolved with an observed length of 1.28±0.10
arcsec along the major axis, translating to a deconvolved size of
1.04±0.12 arcsec. These radio slope and size measurements indicate
that this is a compact (<20 kpc) steep-spectrum radio source (e.g.
O’Dea 1998), where this <20 kpc upper limit holds at any redshift
between 𝑧 = 0 − 30. While the 1.4 GHz data has slightly poorer
angular resolution, the detection in this band also appears slightly
resolved with an estimated deconvolved size of 1.18±0.24′′ along
the same major axis as in the 3 GHz image. We note that the 3
GHz measurement may be slightly underestimating the total flux
density given that the source is moderately resolved in this map
(\obs/\beam ≈ 1.7)
Very recent data from the South African MeerKAT telescope pro-

vides further insight into the radio luminosity of this source.Using the
Early Science Release products from theMeerKAT International Gi-
gahertz Tiered Extragalactic Explorations (MIGHTEE) survey (Hey-
wood et al. 2022), we find that this source is detected at 1.32 GHz
with a flux density of 71.3±8.5 `Jy (S/N = 8.4). Here we are us-
ing the peak flux density measurement given that the radio source
is unresolved in the MIGHTEE data (beam FWHM≈9 arcsec). This
higher signal-to-noise 1.32 GHz measurement from MIGHTEE in-
dicates a slightly lower flux density relative to that obtained from the
VLA-COSMOS data at 1.4 GHz, resulting in a flatter (though still
ultra-steep) slope to high frequencies (𝛼13203000 = −1.57+0.22−0.21).
The COSMOS field has also been observed at 144 MHz as

part of the LOw-Frequency ARray (LOFAR) Two-metre Sky Sur-
vey (LoTSS; Shimwell et al. 2017, 2019). We use the data from
LoTSSDR2whichwas processed following themethods described in
Shimwell et al. (2022), resulting in a beam size of FWHM≈6 arcsec.
The LoTSS data reveal a low significance detection (2.6𝜎) spatially
coincident with COS-87259. Because this LoTSS detection is unre-
solved (as expected given the ≈1′′ source size in the VLA maps), we
adopt the peak flux density measurement of 475±180 `Jy where the
error is estimated from the local root-mean-square. If we extrapolate
our measured 1.32–3 GHz spectral slope of 𝛼13203000 = −1.57+0.22−0.21 to

the LOFAR frequency (144 MHz), we would infer a flux density of
𝑆144 = 2300+1560−1000 `Jy. This is nearly 5× larger than that measured
from the LOFAR data, indicating that the radio slope of COS-87259
flattens considerably at lower frequencies to 𝛼1441320 = −0.86+0.22−0.16.
Additional data at intermediate frequencies (0.3–0.6 GHz) provide

further constraints on the shape of the radio spectra fromCOS-87259.
COSMOS has been observed with the GMRT at 325 and 610 MHz
where the resulting maps have median 5𝜎 sensitivities of 485 `Jy
beam−1 and 192 `Jy beam−1, respectively (Tisanić et al. 2019). No
source is present within 10 arcsec of COS-82759 in the published
catalog of either GMRT band, suggesting that the radio slope flattens
at an observed frequency of .1 GHz. Assuming the 325 and 610
MHz flux densities are lower3 than the median 5𝜎 sensitivities, we
calculate the following limits: 𝛼3251320 > −1.37 and 𝛼6101320 > −1.30
(Fig. 3). Both of these limits are consistent with the low-frequency
slope measurement described above (𝛼1441320 = −0.86+0.22−0.16). As we
discuss in §4, these observed radio properties are consistent with
expectations of high-redshift (𝑧 > 4) radio galaxies.

3.3 Mid-, Far-Infrared, and Sub-mm Observations of
COS-87259

The COSMOS field has been observed in the mid-infrared
Spitzer/IRAC 5.8 and 8.0`m bands from the S-COSMOS survey
(Sanders et al. 2007). We take the 5.8 and 8.0`m photometry of
COS-87259 from the S-COSMOS catalog4 using the 2.9′′ diameter
aperture values and applying the reported5 aperture corrections. The
S-COSMOS catalog position is separated by only 0.08′′ from the
near-IR position of COS-82759. A low-significance (4.3𝜎) detection
is reported in the 5.8`m band with a flux density of 4.42±1.04 `Jy.
COS-87259 is reported to be undetected (<2𝜎) in the 8.0`m band
with a 2𝜎 upper limiting flux of <4.88 `Jy.
Additional deep mid+far-infrared observations have been con-

ducted over the COSMOS field with the Spitzer/MIPS 24`m, Her-
schel/PACS 100 and 160`m, and Herschel/SPIRE 250, 350, and
500`m bands (Le Floc’h et al. 2009; Lutz et al. 2011; Oliver et al.
2012). We cross-reference the near-IR position of COS-87259 with
the Herschel Extragalactic Legacy Project (HELP) catalog contain-
ing confusion-corrected flux density measurements in each mid+far-
infrared band (Hurley et al. 2017; Shirley et al. 2019, 2021). A source
is listed in the HELP catalog 0.12′′ away from the near-IR centroid
of COS-87259 (both the catalog and near-IR images are calibrated
to the Gaia frame). This source has reported ≥5𝜎 detections in the
MIPS 24`m band (0.18 mJy) as well as the SPIRE 250, 350, and
500`m bands (8.1–11.1 mJy). We visually identify detections in the
24`m and 250`m mosaics (Fig. 2) which are less confused than the
350 and 500`m images. The HELP catalog also reports lower sig-
nificance (2.4–3.7𝜎) detections in the PACS 100 and 160`m bands
(5.1–10.1 mJy).
We additionally investigated the JCMT/SCUBA-2 850`m cata-

log from the SCUBA-2 COSMOS survey (S2COSMOS; Simpson

3 Given the much larger beam size of the GMRT maps (4–10′′), we assume
that this low-frequency radio emission will not be resolved. We also note that
variability is unlikely impact the differences in radio slope at low vs. high
frequencies given that compact steep-spectrum sources are among the least
variable types of radio AGN (O’Dea 1998).
4 We use our own photometric measurements for the 3.6 and 4.5`m bands
because we incorporate more recent and much deeper data in these lower-
wavelength IRAC filters (§3.1).
5 https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/

scosmos_irac_colDescriptions.html
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et al. 2019). A 3.8𝜎 detection is reported 1.1′′ away from the
near-infrared centroid of COS-87259. This offset is consistent with
the 1𝜎 positional accuracy of 3.9′′, calculated from the average
S2COSMOS beam size (FWHM=14.9′′; Simpson et al. 2019) and
the detection significance quoted above. The 850`m flux density in
the S2COSMOS catalog6 is reported as 6.3±1.65 mJy.

3.4 X-ray Observations of COS-87259

TheChandraCOSMOS Legacy Survey (Civano et al. 2016) has pro-
vided deep (≈160 ks)X-ray imaging over the central 1.5 deg2 contain-
ing COS-87259. We checked both the Chandra COSMOS Legacy
Survey catalog and the Chandra Source Catalog (v2.0; Evans et al.
2019), finding no source within 1 arcminute of COS-87259. As an
upper limit on the X-ray flux, we adopt the ‘flux_sens_true_b’ value
from the Chandra Source Catalog (1.8×10−15 erg/s/cm2) which is
the estimated energy flux required for a point source to be detected
and classified as ‘TRUE’ in the 0.5–7.0 keV band at the position of
COS-87259.We discuss how this X-ray upper limit is consistent with
a 𝑧 ' 7 AGN solution for COS-87259 in §4.2.

3.5 MMT Spectroscopy of COS-87259

With the goal of constraining possible Ly𝛼 emission from COS-
87259, we have also followed up this source with theMMT/Binospec
spectrograph (Fabricant et al. 2019). Our observations were con-
ducted in long-slit mode utilizing a slit width of 1.0′′ and the 600
l/mmgrating, resulting in a resolving power of 𝑅 ∼ 4400.We adopted
a central wavelength of 8750 Å proving spectral coverage betweeen
7490–10010Åwhich translates to aLy𝛼 (_rest = 1215.67Å) redshift
range of zLy𝛼 = 5.16–7.23. During the observations, the longslit was
oriented to also contain a star which we use for seeing measurements
and flux calibration.
COS-87259 was observed on April 30 and May 4, 2021 under

mostly clear conditions but with variable seeing. To minimize the
contribution of exposures with poor seeing, we restrict our analysis
to the 3 hours of data (twelve 15 minute exposures) with seeing
<1.3′′. Our data reduction method largely follows that described in
Endsley et al. (2021b) which we briefly describe here. We reduce
each individual exposure using the Binospec data reduction pipeline
(Kansky et al. 2019) and subsequently co-add the data by applying the
weighting scheme of Kriek et al. (2015). This weighting approach
accounts for differences in seeing and sky transmission between
exposures using the amplitude of the 1D flux profile of the slit star
as the relative weight of each exposure. Absolute flux calibration is
then performed by determining the factor necessary to match the flux
of the star to its PSF z-band magnitude taken from the Pan-STARRS
catalog (Chambers et al. 2016). We use optimal extraction (Horne
1986) to obtain the 1D spectra of both the star and COS-87259 where
the seeing from the 3 hours of co-added data is 1.03′′.
No emission feature is detected from COS-87259 in our Binospec

spectra. To place an upper limit on the Ly𝛼 flux, we assume an
extractionwidth equivalent to 220 km s−1 (the typicalLy𝛼 FWHMof
𝑧 ' 7 galaxies; e.g. Pentericci et al. 2018; Endsley et al. 2021b). The

6 We adopt the total instrumental plus confusion noise reported in the
S2COSMOS catalog. However, we use the S2COSMOS flux density mea-
surement that has not been corrected for flux boosting. This is to maintain
consistency with the Herschel flux densities reported in the HELP catalog
which, to the best of our knowledge, have not been corrected for flux boosting
and are reported to a similar significance as the SCUBA-2 detection.

resulting 5𝜎 Ly𝛼 flux limit in skyline-free regions of the spectrum is
<5.3×10−18 erg/s/cm2. Adopting the VIRCam Y-band measurement
as the continuum flux, this translates to a rest-frame EW upper limit
of <12.5 Å in clear regions of the spectrum. As discussed in §4,
this Ly𝛼 EW upper limit is consistent with a 𝑧 ' 7 solution given
the typical Ly𝛼 EWs found for UV-bright 𝑧 ' 7 galaxies and the
extremely dusty nature of this source.
We have also conducted near-infrared spectroscopy with

MMT/MMIRS (McLeod et al. 2012) to help assess the plausibil-
ity of low-redshift galaxy solutions where H𝛼 emission may domi-
nate the measured J-band photometry (see §4.1). We used mmirs-
mask to design a slit mask containing COS-87259 along with several
photometrically-selected 𝑧 ∼ 1.5 extreme emission line galaxies (fol-
lowing Tang et al. 2019) with a slit length of 10 arcsec for each object.
Observations were conducted using the zJ filter plus the J grism re-
sulting in a resolving power of 𝑅 = 960 with the adopted 1.0 arcsec
slit width, as well as a wavelength coverage of 0.95–1.43`m for COS-
87259. We obtained 1.33 hours (16×300 s) of exposure time under
clear conditions with an average 0.76 arcsec seeing on December 17,
2021. Because conditions were stable throughout the observations,
we use the non-weighted stack of the spectra automatically produced
using the MMIRS reduction pipeline (Chilingarian et al. 2015) pro-
vided by the SAO Telescope Data Center. We perform optimal 1D
extraction (Horne 1986) and use UltraVISTA J-band photometric
measurements of nearby slit stars for the absolute flux calibration.
We do not identify any emission feature from COS-87259 in our

MMIRS data. Notably, the observations did yield several line de-
tections for photometrically-selected 𝑧 ∼ 1.5 extreme emission line
galaxies (Tang et al. in prep). In skyline-free regions of the spectrum,
the 5𝜎 limiting flux is 8.0×10−18 erg/s/cm2 adopting an extraction
width of 200 km/s. As discussed in §4.1, the combination of non-
detections in both our Binospec and MMIRS data suggest that COS-
87259 is unlikely to be a dusty, low-redshift extreme emission line
galaxy.

4 THE PHYSICAL PROPERTIES OF COS-87529

In this section, we discuss the possible origin of the optical through
radio emission seen from COS-87259. We first use the new HSC
ib945 and nb973 data to revisit the optical/near-IR photometric red-
shift of this system and discuss whether the observed mid-IR, far-IR,
and radio emission may be originating from a low-redshift source
(§4.1). We then explore whether the full X-ray through radio data
for COS-87259 can be self-consistently explained by a 𝑧 ' 7 solu-
tion (§4.2). Finally, we investigate whether COS-87259 may trace a
galaxy overdensity at 𝑧 ' 7, as is common for radio galaxies at lower
redshifts (§4.3).

4.1 Photometric Redshift of COS-87529 and Possibility of
Low-redshift Interpretation

COS-87259 was originally selected as a 𝑧 ' 6.6 − 6.9 Lyman-break
galaxy candidate utilizing photometric measurements in four filters
covering 0.9–1`m (HSC z, nb921, y, and VIRCam Y; see §2). Since
the original identification of this source, additional deep HSC ib945
and nb973 imaging has become available over COSMOS, providing
further information on the strength and wavelength position of the
spectral break in this source. Here, we revisit the photometric redshift
of COS-87259 using this new narrow/intermediate-band data and
discuss the possibility of a low-redshift solution.
We quantify the photometric redshift of COS-87259 by fitting its
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Figure 4. Results from fitting the optical and near-IR (0.3–5`m) photom-
etry of COS-87259 with beagle (Chevallard & Charlot 2016). Broad-band
measurements are shown with blue diamonds while the narrow/intermediate-
band data from HSC are shown in red. The best-fitting model SED is shown
with the black curve. The redshift of this source is highly favored at 𝑧 > 6
(>99.99% confidence; see inset panel) due to the sharp flux discontinuity
between the HSC ib945 and nb973 bands. Because the Lyman-alpha break
is expected to lie in the small wavelength range between these two bands
(Δ_ = 250 Å), the redshift is precisely constrained to 𝑧 = 6.83 ± 0.06. We
compare the fits of forced low-redshift solutions in Fig. 5.

optical/near-IR (0.3–5`m) photometry with the BayEsian Analysis
of GaLaxy sEds (beagle; Chevallard & Charlot 2016) SED fitting
code. beagle adopts the Gutkin et al. (2016) photoionization models
of star-forming galaxies and calculates the posterior probability dis-
tribution of galaxy properties by employing the Bayesian multinest
algorithm (Feroz & Hobson 2008; Feroz et al. 2009). Our fitting
procedure with beagle is identical to that described in E21a, with
the exception that we now include the HSC ib945 and nb973 flux
density measurements. Briefly, we allow the photometric redshift to
vary between 0 < 𝑧 < 10 where absorption from intergalactic HI is
applied using the empirical model of Inoue et al. (2014). We adopt
a Chabrier (2003) IMF and model dust attenuation using the SMC
extinction curve of Pei (1992). We have verified that our conclusions
do not change significantly if we instead adopt the Calzetti et al.
(2000) dust law. The minimum allowed age of the stellar population
is 1 Myr where we assume a delayed star formation history (SFR
∝ 𝑡 𝑒−𝑡/𝜏 ) and allow for a recent (<10 Myr) burst of star formation
with specific star formation rate between 0.1–1000 Gyr−1. We refer
the interested reader to E21a for further details of our SED fitting
procedure.
With beagle, we find that the combined optical/near-IR data are

well described by a galaxy at 𝑧 = 6.83 ± 0.06 (Fig. 4). At this
redshift, the factor of >3 increase in flux density between the HSC
ib945 and nb973 bands (Δ_ = 250 Å) is expected from a Lyman-
alpha break caused by the IGM (e.g. Madau 1995; Inoue et al. 2014).
The observed red VIRCam colors yield a measured rest-UV slope
of 𝛽 = −0.59 (if at 𝑧 ' 6.8), suggesting strong dust attenuation
with ≈2 magnitudes of extinction at rest-frame 1500 Å. In the best-
fitting beagle model (Fig. 4), the flux excess in the IRAC bands
is explained by the presence of a relatively old (∼300 Myr) stellar
population producing a strong Balmer break. However, there are

comparably well-fit 𝑧 ' 6.8 models where the rest-optical emission
is dominated by light from a young (.10 Myr) stellar population
that is more heavily obscured by dust. We come back to discuss the
nature of COS-87259 (assuming a 𝑧 ' 6.8 solution) in §4.2 after
incorporating the longer-wavelength (mid-IR, far-IR, and radio) data
which better anchor the dust-obscured star formation rate and stellar
mass of this system.
It is important to additionally explore whether the data can be ad-

equately explained by a low-redshift (𝑧 < 4) solution. We first inves-
tigate whether the optical/near-IR data are consistent with emission
from a single low-redshift galaxy by re-running beagle forcing the
redshift to 𝑧 < 4. Here, we allow for a larger variety of dust extinction
prescriptions: SMC (Pei 1992), Calzetti et al. (2000), Charlot & Fall
(2000), and Chevallard et al. (2013). Two of the most likely low-
redshift galaxy contaminants of Lyman-break selections are dusty,
young galaxies with strong emission lines and galaxies with old
stellar populations which produce a prominent Balmer break. Nei-
ther of these low-redshift solutions are able to reproduce the observed
optical/near-IR photometry in the context of the beaglemodels (Fig.
5). The best-fitting models of both low-redshift solutions yield multi-
ple 2–5𝜎 deviations from the photometric measurements resulting in
much larger 𝜒2 values (39.2–63.1) relative to the best-fitting 𝑧 ' 6.8
solution (𝜒2 = 4.2; Fig. 5). The high redshift case is clearly preferred
with beagle.
We also investigate how well a low-redshift (𝑧 < 4) solution can

self-consistently explain the optical through sub-mm data at the po-
sition of COS-87259. To do so, we fit this full suite of photometry
using x-cigale (Boquien et al. 2019; Yang et al. 2020a) which di-
rectly links the rest-UV/optical dust attenuation to the IR emission
via energy balance. While beagle finely samples the (optical/near-
IR) photometric redshift prior with a Monte Carlo Markov Chain
algorithm, it does not yet implement energy balance when comput-
ing the rest-frame IR emission. We run x-cigale at two separate
fixed redshifts set to the best-fitting values from beagle: 𝑧 = 0.967
for the dusty, strong emission line solution and 𝑧 = 1.52 for the old
stellar population solution which yields a prominent Balmer break at
≈9600 Å. For each fit, we adopt the Bruzual & Charlot (2003) stellar
population synthesis models with a Chabrier (2003) IMF, a delayed
SFH with an allowed recent (1–10 Myr) constant SFR burst, and a
Calzetti et al. (2000) attenuation law. We apply the dust emission
models of Draine et al. (2014) where the dust is assumed to be illu-
minated by both a diffuse, low-intensity component and a power-law
intensity component from star-forming regions. Finally, we allow for
AGNemission using the skirtormodels (Stalevski et al. 2012, 2016)
where the dusty torus is treated as a clumpy two-phase medium. The
orientation, extent, density profile, and optical depth of the dusty
torus are left as free parameters along with the relative luminosity
of the AGN as well as the reddening due to polar dust. We do not
incorporate the X-ray or radio data into the x-cigale fits as the input
X-ray flux must be corrected for absorption apriori and the radio
module in x-cigale does not allow for a possible contribution from
AGN synchrotron emission.
The galaxy+AGN emission models of x-cigale are unable to

match the optical through sub-mm data of COS-87259 (best-fitting
reduced 𝜒2 > 5). As expected from the beagle results, neither
a 𝑧 ' 1 dusty, strong emission line solution nor a 𝑧 ' 1.5 old
stellar population solution can reproduce the sharp flux discontinu-
ity between ib945 and nb973. But moreover the x-cigale models
demonstrate that the far-infrared and sub-mm data of COS-87259
also disfavor 𝑧 ' 1 − 1.5 solutions. While COS-87529 displays a
fairly flat spectral shape (in Fa) between 100–850`m (see Table 1),
the best-fitting 𝑧 ' 1 − 1.5 models from x-cigale predict that the

MNRAS 000, 1–14 (2021)



8 R. Endsley et al.

22
23
24
25
26
27
28
29

z'6.8 Galaxy

χ2 = 4.2

(a)

Low-redshift (z ' 1.0)
Star-forming Galaxy

χ2 = 39.2

(b)

Low-redshift (z ' 1.5)
Balmer-break Galaxy

χ2 = 63.1

(c)

0.7 1 2 3 5
−6
−4
−2

0
2
4
6

0.7 1 2 3 5 0.7 1 2 3 5

A
B

M
ag

ni
tu

de
(f

ob
s−

f m
od

el
)/
σ

ob
s

Observed Wavelength [µm]

Figure 5. Comparison of (a) the 𝑧 ' 6.8 best-fitting solution from beagle versus that of (b) a low-redshift star-forming galaxy, and (c) a low-redshift galaxy
with an old stellar population yielding a prominent Balmer break. In the top panels, the observed data is shown with colored markers similar to Fig. 4 while
the synthetic photometry from the models are shown with open circles. Only a 𝑧 ' 6.8 galaxy model is able to well reproduce the sharp flux discontinuity
between the ib945 and nb973 bands as well as the observed near-infrared data. In the lower panels, we show how well the synthetic photometry from each
best-fitting model matches the observed data. Both low-redshift models yield multiple 2–5𝜎 offsets. The lack of emission line detections in our MMT/Binospec
spectrum adds independent evidence that the low-redshift star-forming galaxy solution is unlikely (see text). For clarity, we only show a subset of the available
optical/near-IR bands but the reported 𝜒2 values incorporate all HSC, VISTA, and IRAC data.

flux density declines considerably at &300–400`m, yielding ≥2.5𝜎
offsets from the measured 500`m and 850`m photometry. This be-
havior in the x-cigale models is consistent with the expectation of
a 𝑇 & 20 K starburst dust temperature at 𝑧 ' 1 − 1.5 (e.g. Schreiber
et al. 2018), such that the Rayleigh-Jeans tail would appear at &300–
400`m observed-frame.

Our MMT spectra (§3.5) allow us to further assess the plausibility
of the 𝑧 ' 1 dusty strong emission line galaxy solution, which is the
most preferred 𝑧 < 4 scenario with both beagle and x-cigale. In
this solution, the observed sharp break between ib945 and nb973 is
modeled by strong H𝛽, [OIII]_4959,5007, and H𝛼 emission boosting
the nb973, y, Y, and J photometry above the continuum. We estimate
the likelihood of not detecting any of these lines in our Binospec
and MMIRS observations. Mock emission lines are inserted into our
1D spectra where the wavelength positions and strengths of these
mock lines are taken from the photometric redshift and line flux
probability distributions output by beagle. The S/N of each mock
emission line is calculated using the 1D noise spectrum (which ac-
counts for skylines) and by integrating over the FWHM of the mock
line which we assume ranges between 50–500 km s−1. We find it
likely (>98%) that at least one of the four emission lines would have
been detected at >5𝜎 in our Binospec or MMIRS spectra assuming
this low-redshift star-forming galaxy solution, which we again em-
phasize poorly reproduces the observed photometry. However, given
the implied extremely high optical depth of these low-redshift so-
lutions, we acknowledge that the dust attenuation may not follow
simple wavelength-dependent screen models (e.g. Chary et al. 2007)
as we have assumed in our beagle fits.

Another potential low-redshift solution to the sharp flux disconti-
nuity of COS-87259 is the so-called 3000 Å break seen in a small
subset of low-redshift AGN (Meusinger et al. 2016). These sharp
breaks at ≈3000 Å rest-frame are caused by very broad overlapping
absorption lines in AGN spectra from low-ionization species of mag-
nesium and iron. AGN showing these breaks belong to the FeLoBAL
(iron low-ionization broad absorption line) population, which repre-

sent a rare (≈2%) class of luminous quasars (Dai et al. 2012). Using
the FeLoBAL spectral library from Meusinger et al. (2016), we have
determined that absorption troughs from such a source could plau-
sibly reproduce the factor of >3 flux discontinuity between ib945
and nb973 seen from COS-87259 if at 𝑧 ≈ 2.4. However, it is not
necessarily clear that a 𝑧 ≈ 2.4 FeLoBAL would go undetected in all
nine HSC and ACS bands blueward of nb973. Such a scenario would
seem to require a combination of contiguous overlapping absorption
troughs and extremely strong reddening blueward of the break. This
FeLoBAL interpretation also cannot easily explain the extendedmor-
phology of the HST F160W detection (Fig. 2) as it would suggest
that the observed near-IR flux is dominated by a point source.

The final possibility we consider is that COS-87259 is a 𝑧 ' 7
galaxy being gravitationally lensed by a foreground extremely dusty
starburst galaxy. It is conceivable that such a low-redshift source
would go undetected in the optical HSC data (where the dropout
is seen) but contribute significantly to the VIRCam and IRAC de-
tections and dominate the mid-IR, far-IR, and radio measurements.
Currently there is no evidence of lensing in HST images (Fig. 2), but
higher resolution data at redder wavelengths are needed to test the
lensingmorphology.Clearly the chance alignment of amassive, dusty
star-forming galaxy at low redshift with a galaxy at 𝑧 ' 6.8 (both of
which are very rare) is unlikely in the COSMOS area. Nevertheless
a spectroscopic redshift will ultimately be required to establish the
true nature of COS-87259 beyond any doubt.

While we did not detect Ly𝛼 from COS-87259 with Binospec,
these observations remain consistent with an unlensed 𝑧 ' 6.8 solu-
tion. With our current Binospec data, we can only place a 5𝜎 Ly𝛼
EW upper limit of <12.5 Å in the cleanest (i.e. skyline-free) regions
of the spectrum. This best-case upper limit is larger than the typical
EW of UV-bright 𝑧 ' 7 Lyman-break galaxies (11 Å; Endsley et al.
2021b). Furthermore, the extremely red rest-UV slope of COS-87259
(𝛽 = −0.59) suggests a large dust content, which would efficiently
destroy Ly𝛼 photons that resonantly scatter within the ISM of the
galaxy. Given the high SFR we infer for COS-87259 (§4.2), ALMA
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Figure 6. Results from fitting the near-IR, mid-IR, and far-IR photometry of
COS-87259 with x-cigale (Boquien et al. 2019; Yang et al. 2020a). We find
that these data (blue diamonds) can be self-consistently modeled at 𝑧 = 6.83
(the photo-z from beagle; see Fig. 4) by amassive galaxywith hyperluminous
infrared emission powered by both an intense, highly-obscured starburst as
well as an obscured AGN. We show the best-fitting SED in black (reduced
𝜒2 = 0.45). The infrared continuum SEDs of both the obscured AGN (dashed
red) and the obscured starburst (dot-dashed orange) from this best-fitting
model are also shown. For comparison, we also plot the median SED of
hot dust-obscured galaxies (hot DOGs) from Fan et al. (2016) that has been
redshifted to 𝑧 = 6.83 and normalized to the SPIRE 250`m measurement.
The gray shaded region shows a ±0.3 dex scatter about this median SED (the
approximate dispersion in observed hot DOG SEDs; Tsai et al. 2015; Fan
et al. 2016).

measurements of far-IR cooling lines (e.g. [CII], CO) are likely to
provide a much more tractable means of confirming the redshift of
this source.

4.2 Physical Interpretation of the Multi-wavelength SED:
Implications of the 𝒛 ' 6.8 Redshift Solution of COS-87259

Wenow investigate whether the full multi-wavelength (X-ray through
radio) data at the position of COS-87259 can be self-consistently ex-
plained by a high-redshift (𝑧 ' 6.8) solution. We fit the photometry
of COS-87259 using x-cigale following the same procedure as de-
scribed in §4.1 except that here we fix the redshift to 𝑧 = 6.83 (the
photometric redshift from beagle). Because the redshift is fixed, we
do not include the HSC and ACS flux density measurements as these
bands are impacted by IGM absorption. We also do not include the
radio photometry as x-cigale assumes this emission arises from star
formation using local far-IR to radio correlations (we discuss the
likely origin of the radio emission below).
The near-, mid-, and far-infrared emission of COS-87259 can be

self-consistently modeled with x-cigale at 𝑧 = 6.83 (Fig. 6). The
extremely red rest-UV slope and sub-mm flux density measurements
are simultaneously reproduced by a highly-obscured starburst with a
SFR of 1800±290M� yr−1 over the past 10 Myr. Such a large SFR
is similar to that inferred for spectroscopically-confirmed sub-mm
galaxies at 𝑧 > 6 (400–3400M� yr−1; Riechers et al. 2013; Marrone
et al. 2018; Zavala et al. 2018). The total stellar mass inferred by

the x-cigale fit is log (M∗/M�) = 10.76+0.15−0.24, consistent with that
inferred from fitting the optical and near-IR photometry with beagle
(log (M∗/M�) = 10.66+0.28−1.52).
The x-cigale fit also demonstrates that the MIPS and PACS mea-

surements can be explained by hot (𝑇 ∼ 300 K) dust emission from
a torus surrounding an AGN. Due to the steep mid-infrared slope be-
tween theMIPS and PACSbands, theAGN is inferred to be highly ob-
scured with an optical depth at rest-frame 9.7`m of 𝜏9.7`m = 7.7±2.5
and an edge-on viewing angle to the torus of 𝑖 = 68 ± 17 degrees
(where 𝑖 = 90 degrees is defined as a sightline through the torus
equator). In the best-fitting x-cigale model (reduced 𝜒2 = 0.45),
the AGN is inferred to contribute 75% of the total IR luminosity
(log (LIR/L�) = 13.64 integrated from 8–1000`m rest-frame) with
dust emission from star formation contributing the remaining 25%.
The rest-frame 6`m luminosity of COS-87259 is also inferred to be
L6`m = 1046.9 erg s−1 from the best-fitting model, suggesting that
this source possesses one of the most mid-infrared luminous AGN
known if at 𝑧 ' 6.8 (Stern 2015; Martocchia et al. 2017).
While x-cigale allows one to fit SEDs with a large degree of

flexibility in parameter space, it is also worth verifying whether
the mid+far-IR SED of COS-87259 can be reasonably well fit by
a combination of empirical AGN and starburst templates assuming
𝑧 = 6.83. To this end, we adopt the warm dust-deficient AGN SED
from Lyu et al. (2017) along with the starburst SED of Haro 11 from
Lyu et al. (2016), the latter of which has been shown to reproduce the
far-IR data of multiple massive 5 < 𝑧 < 7 galaxies (De Rossi et al.
2018). Using a custom SED fitting code (Lyu et al. in prep), we find
that the MIPS, PACS, SPIRE, and SCUBA-2 data of COS-87259
can be reasonably well reproduced by a combination of these two
empirical templates with a reduced 𝜒2 of 1.4. The inferred properties
of COS-87259 (e.g. total infrared luminosity, star formation rate,
AGN optical depth) from this fitting approach agree within .0.3 dex
with that output by x-cigale.
The hyperluminous infrared emission (log (LIR/L�)>13) and

steep mid-infrared slope of COS-87259 suggests that this source
may be a higher-redshift analog of 𝑧 ∼ 1 − 4.5 hot dust-obscured
galaxies (hot DOGs) discovered from WISE data (e.g. Eisenhardt
et al. 2012; Wu et al. 2012; Tsai et al. 2015). Similar to COS-87259,
these lower-redshift hot DOGs are found to possess very large stellar
mass (log (M∗/M�)∼11–12), heavily obscured AGN, and often re-
cent intense starbursts (SFR∼200-3000M� yr−1; Assef et al. 2015;
Díaz-Santos et al. 2021). The SED shape of COS-87259 at rest-frame
≈3–100`m is also consistent with that of known hot DOGs (Fig. 6),
further supporting this comparison.
The X-ray non-detection at the position of COS-87259 is consis-

tent with this highly obscured AGN interpretation. Lower redshift
hot DOGs have been found to exhibit relatively weak intrinsic (i.e.
absorption-corrected) X-ray flux at a fixed mid-infrared luminosity
compared to type 1 AGN (Ricci et al. 2017; Vito et al. 2018b).
Assuming a standard AGN power-law photon index of Γ = 1.8,
the Chandra non-detection of COS-87259 implies an upper limiting
X-ray luminosity of L𝑋 < 1044.8 erg s−1 in the rest-frame 10–40
keV range. This is similar to upper limiting X-ray luminosities of
lower-redshift hot DOGs with comparable mid-infrared luminosities
as COS-87259 (L6`m ≈ 1047 erg s−1; Stern et al. 2014). Here, we
are focusing our attention on the hard 10–40 keV X-ray regime for
two reasons. The first is that the Chandra data closely probes this
rest-frame energy range (assuming 𝑧 ' 6.8) and the second is that
such hard X-rays are less impacted by Compton-thick absorption as-
sociated with large hydrogen column densities (𝑁𝐻 & 1024 cm−2).
The high optical depth inferred from x-cigale (𝜏9.7`m = 7.7 ± 2.5)
suggests that the AGN within COS-87259 is likely Compton-thick
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(Shi et al. 2006) which would yield &0.25 dex absorption in the
rest-frame 10–40 keV luminosity (Stern et al. 2014; Lansbury et al.
2015).
The radio properties of COS-87259 further support the presence

of an AGN in this system (if at 𝑧 ' 6.8). The observed 1.32 GHz
flux density is approximately 45× higher than that expected for syn-
chrotron emission from star formation (Mancuso et al. 2015) assum-
ing SFR≈1800 M� yr−1 (as inferred from x-cigale), suggesting a
dominant contribution of non-thermal emission from an AGN. It is
also worth noting that the VLA and MeerKAT flux density mea-
surements may be underestimating the true radio luminosity from
COS-87259. At 𝑧 ' 6.8, inverse Compton scattering is expected to
attenuate high-frequency synchrotron emission due to the hot cosmic
microwave background (e.g. Krolik & Chen 1991). The impact of
this effect is perhaps evidenced by the ultra-steep slope measured
for COS-87259 between the 1.4 and 3 GHz bands (𝛼 = −2.06+0.27−0.25),
which is much steeper than that of typical sources in the VLA-
COSMOS survey (𝛼 = −0.7; Smolčić et al. 2017; see also An et al.
2021). Accounting for this inverse Compton scattering effect would
only decrease the likelihood that the radio emission of COS-87259
is due to star formation. Moreover, if the starburst in COS-87259
is very young (.5 Myr), there may be a significant fraction of re-
cently formed high-mass (>8 M�) stars that have yet to produce
supernovae, lowering the expected synchrotron emission from star
formation activity in this system (e.g. Mancuso et al. 2015). We
have assumed that the VLA and MeerKAT detections are dominated
by synchrotron emission given that the ultra-steep slope measured
at ≥1.3 GHz (−2.1 . 𝛼 . −1.6) is inconsistent with that expected
from thermal free-free emission at these high frequencies (𝛼 ∼ −0.1;
e.g. Rubin 1968).
To further assess the plausibility that COS-87259 may host a radio

AGN at 𝑧 ' 6.8, we compare the radio properties of COS-87259
with those of known high-redshift (𝑧 = 4 − 6) radio galaxies. The
observed extent of the VLA 3 GHz detection (1.04′′; §3.2) translates
to a projected physical size of 5.5 kpc assuming 𝑧 = 6.83, consis-
tent with measurements from the two spectroscopically-confirmed
𝑧 = 5 − 6 radio galaxies with high-resolution imaging (3.5–7.4 kpc;
van Breugel et al. 1999; Saxena et al. 2018b). The radio emission co-
incident with COS-87259 also shows a spectral steepening towards
higher frequencies (Fig. 3), consistent with the behavior of many
spectroscopically-confirmed 𝑧 > 4 radio galaxies (e.g. Ker et al.
2012; Saxena et al. 2018a,b; Yamashita et al. 2020). For example,
GLEAM 0856 at 𝑧 = 5.55 exhibits an ultra-steep (𝛼 = −1.51) ra-
dio slope at &1.4 GHz yet a relatively flat slope (𝛼 = −0.78) at .1
GHz (Fig. 3; Drouart et al. 2020). While the observed 1.4 GHz flux
density of COS-87259 is ≈1000× fainter than that of most currently
known 𝑧 > 4 radio galaxies (Saxena et al. 2018a,b, 2019; Drouart
et al. 2020; Yamashita et al. 2020), this can be explained by the fact
that 𝑧 > 4 radio galaxies are often identified from all-sky surveys
that probe much higher radio luminosities relative to the extremely
deep VLA-COSMOS data. There are many radio galaxies at lower
redshifts (𝑧 < 4) with rest-frame 1.4 GHz luminosities comparable to
that of COS-87259 (log[L1.4 GHz/(W Hz−1)] = 25.4± 0.2; e.g. Best
& Heckman 2012; Simpson et al. 2012; Rigby et al. 2015). Here,
we have adopted the low-frequency radio slope of 𝛼 = −0.86+0.22−0.16
at observed frequencies lower than 1.32 GHz to compute L1.4 GHz
for COS-87259 (see Fig. 3). Finally, we note that the high stellar
mass of COS-87259 (log (M∗/M�) = 10.8) is consistent with the
massive (log (M∗/M�) ∼ 11.0-11.5) nature of known radio galaxies
at 𝑧 . 5 (e.g. Saxena et al. 2019), where the stellar mass is found to
correlate weakly with radio luminosity at L1.4 GHz & 1024 W Hz−1
(e.g. Seymour et al. 2007; Best & Heckman 2012).

The rest-frame 1.4 GHz luminosity of COS-87259 (L1.4 GHz ≈
1025.4 W Hz−1) suggests that this source falls under the class
of radio-loud AGN (L1.4 GHz > 1025 W Hz−1; e.g. Fanaroff &
Riley 1974). Another approach to classifying the radio-loudness
of high-redshift AGN is to compare their radio flux density to
that in the rest-UV, where a source is considered radio loud if
𝑅2500 ≡ 𝐹5GHz/𝐹2500 Å > 10 (e.g. Kellermann et al. 1989). For
COS-87259, we calculate 𝑅2500 ≈ 180 where we use a power-law
fit to the VIRCam data to derive 𝐹2500 Å = 0.65 `Jy and estimate
𝐹5GHz ≈ 115 `Jy assuming 𝛼 ≈ −0.86 at observed frequencies
lower than 1.32 GHz, consistent with the MeerKAT, LOFAR, and
GMRT data (see Fig. 3). This 𝑅2500 ≈ 180 value also suggests that
the AGN within COS-87259 is radio loud.
To place COS-87259 into context of known type 1 AGN at 𝑧 ∼ 7

(i.e. quasars), we estimate the extinction-corrected UV magnitude of
its AGN. From the x-cigale fit, the intrinsic bolometric luminosity of
the AGN accretion disk is inferred to be log(LAGN/L�) = 13.6±0.1.
We convert this into aUV luminosity (at rest-frame 1450Å) using the
relation from Runnoe et al. (2012), finding that COS-87259 would
appear as an extremely UV-luminous quasar with MUV ≈ −27 if
unobscured (c.f. the observed MUV = −21.7). Such UV-luminous
𝑧 ∼ 7 quasars are often found to be powered by supermassive black
holes with MBH & 109M� (e.g. Mortlock et al. 2011; Bañados
et al. 2018; Yang et al. 2020b; Wang et al. 2021). The very large
inferred bolometric AGN luminosity of COS-87259 also suggests
that a 1.2×109 M� black hole is present within this system (if at 𝑧 '
6.8) assuming Eddington-limited accretion (i.e. _𝐸 = 1). While this
estimated black hole mass is substantially higher than what would be
inferred using the local MBH–M∗ relation (MBH ∼ 108M�; Häring
& Rix 2004), we note that many high-redshift quasars have been
found to harbor black holes much more massive than that expected
from their host galaxy mass (e.g. Trakhtenbrot et al. 2015; Venemans
et al. 2016; Pensabene et al. 2020). Lower-redshift hot DOGs also
exhibit enhanced AGN luminosities relative to that expected from
their stellar masses (Assef et al. 2015; Tsai et al. 2015), suggesting
that these highly-obscured AGN are either accreting significantly
above the Eddington limit (see also Ferris et al. 2021) and/or lie
above the local MBH-M∗ relation.
Having now placed COS-87259 into context of the UV-luminous

𝑧 ∼ 7 quasar population, we can begin to assess the likelihood of
identifying this source within the 1.5 deg2 COSMOS field. The
volume probed by COSMOS between 𝑧 = 6.6−6.9 (the approximate
redshift selection interval of E21a; see §2) is 0.0036 comoving Gpc3
while extremely UV-luminous (MUV < −27) quasars at 𝑧 ' 6.75
have a space density of 0.77 per comoving Gpc3 (Jiang et al. 2016).
This indicates that the odds of identifying anMUV < −27 quasar in
the COSMOS field between 𝑧 = 6.6− 6.9 is very unlikely (∼0.03%),
suggesting that COS-87259 was an extremely lucky find. However,
we note that this likelihood increases with the assumed fraction of
highly obscured quasars in the very early Universe. Recent studies
have shown that a subset of UV-luminous 𝑧 > 6 quasars exhibit much
smaller Ly𝛼 proximity zones than expected based on their inferred
black hole mass, consistent with a picture wherein their black holes
grew during highly obscured phases for a large fraction (&95%) of
their lifetime (Davies et al. 2019; Eilers et al. 2020, 2021). High-
resolution hydrodynamic simulations also predict that supermassive
black holes within massive 𝑧 > 7 galaxies were perhaps very often
(∼99%) obscured by the dense gas content of their host galaxies
(Trebitsch et al. 2019; Ni et al. 2020). However, such large obscured
fractions at 𝑧 ∼ 7 would necessitate a very rapid change in the gas
properties of galaxies from 𝑧 ∼ 6 where the obscured fraction is
found to be ∼70–80% based on X-ray studies (Vito et al. 2018a).
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Larger-area multi-wavelength surveys will ultimately be required to
determine the fraction of obscured extremely luminous quasars at
𝑧 ∼ 7.
If ∼billion solar mass black holes at 𝑧 ∼ 7 are indeed obscured for

95–99% of their lifetime, the odds of identifying COS-87259 within
the COSMOS field would increase substantially, though still only to
∼1%. However, the presence of a strong 𝑧 ' 6.6 − 6.9 photometric
overdensity around COS-87259 (see §4.3) suggests that the region
containing this source is special and may be preferentially traced by
an extremely massive halo. Nonetheless, we again emphasize that a
spectroscopic redshift will be necessary to determine whether COS-
87259 in fact lies at 𝑧 ' 6.8 as suggested by the optical/near-IR
data.
The parent sample of 41 UV bright (MUV . −21.25) galaxies

from which COS-87259 was selected (E21a) also provides some in-
sight into how this system compares to the general population of
UV-luminous 𝑧 ' 7 galaxies. COS-87259 is the only source in this
sample with any Spitzer/MIPS, Herschel, JCMT, or VLA detection.
COS-87259 is also the reddest object (𝛽 = −0.6) and one of only three
galaxies in the sample known to have stellar mass above 1010 M� .
The exact number of galaxies in the parent sample above this mass
threshold is uncertain as 11 of 41 galaxies in E21a have significantly
confused IRAC photometry. Assuming these 11 sources have a sim-
ilar stellar mass distribution as the 30 with robust IRAC photometry,
we infer that 4 of 41 galaxies in E21a have stellar mass above 1010
M� . If the redshift of COS-87259 is confirmed at 𝑧 ' 6.8, it would
indicate that at least 1 of these 4 very massive UV-luminous systems
exhibit both AGN and highly-obscured star formation activity.
As discussed above, it is likely that COS-87259 is an exceptional

system if at 𝑧 ' 6.8. It is nonetheless worth noting that the strong sub-
mm flux density of COS-87259 is consistent with a scenario in which
highly-obscured star formation activity is more common among the
most massive (>1010 M�) early galaxies, which may potentially in-
fluence current estimates of the star formation rate budget at 𝑧 > 6
(see e.g. Zavala et al. 2021). To provide a qualitative estimate of this
potential impact, we note that the star formation rate of COS-87259
alone (SFR≈1800M� yr−1) is equivalent to ≈3–4% of the total SFR
from all MUV < −17 𝑧 = 6.6 − 6.9 galaxies in the 1.5 deg2 COS-
MOS field (i.e. those which would be detectable with ultra-deepHST
imaging). Here, we have assumed the UV-based 𝑧 ∼ 7 cosmic star
formation rate density results of Bouwens et al. (2015a) and Finkel-
stein et al. (2015). COS-87259 may also suggest that AGN activity is
somewhat common among the most massive, UV-luminous galaxies
in the reionization era. Several other UV-bright galaxies at 𝑧 ∼ 7− 9
have shown evidence of significant AGN activity via detections of
NV_1240 emission (Tilvi et al. 2016; Laporte et al. 2017; Mainali
et al. 2018; Endsley et al. 2021b), perhaps indicating that AGNmake
a non-negligible contribution to the ionizing photon budget at early
times (Madau&Haardt 2015). Notably, radio AGN appear to be very
rare among narrow-band selected Ly𝛼 emitters at 𝑧 ' 5.7 and 𝑧 ' 6.6
(Gloudemans et al. 2021), consistent with a scenario in which such
bright Ly𝛼 emitters more often trace young unobscured starbursts
rather than the most massive galaxies harboring luminous AGN.
Wider-area mutli-wavelength coverage will be required to better de-
termine the general properties of massive reionization-era galaxies,
including those which are too reddened to be selected in the rest-UV.

4.3 Photometric 𝒛 ' 6.6 − 6.9 Overdensity Around COS-87259

Both radio galaxies and hot dust-obscured galaxies are often found to
reside in highly overdense environments (e.g. Pentericci et al. 2000;
Miley et al. 2004; Venemans et al. 2007; Jones et al. 2014, 2015;

Fan et al. 2017). We investigate whether COS-87259 may reside
in an overdense environment by comparing the surface density of
𝑧 ' 6.6−6.9Lyman-break galaxy candidates around this source to the
average surface density across COSMOS. The 𝑧 ' 6.6− 6.9 Lyman-
break galaxy sample used in this analysis are identified using the
selection criteria of E21a. To provide the best statistics of neighboring
galaxies, we ignore the magnitude cuts from E21a (i.e. J<25.7 or
K𝑠 <25.5) allowing for fainter (−21 . MUV . −20.5) sources to
enter the sample. This selection results in a total of 67 𝑧 ' 6.6 − 6.9
galaxy candidates across the ultra-deep UltraVISTA stripes (0.73
deg2 total7) corresponding to an average surface density of 0.0255
sources per arcmin2. We consider only the area of the ultra-deep
stripes because COS-87259 resides within one of these stripes, and
the surface density of 𝑧 ' 6.6 − 6.9 candidates is much lower in the
UltraVISTA deep stripes which are∼1mag shallower in the VIRCam
data.
In an 18 arcmin2 region around COS-87259, we identify five

𝐽 < 25.8 (MUV < −21) 𝑧 ' 6.6 − 6.9 galaxy candidates (including
COS-87259) yielding a local surface density of 0.278 arcmin−2.
This is approximately 11× the average surface density of 𝑧 ' 6.6 −
6.9 candidates across the ultra-deep UltraVISTA stripes, suggesting
that COS-87259 may trace a highly overdense region at 𝑧 ' 6.8.
For comparison, radio and hot dust-obscured galaxies at 𝑧 > 2 are
typically found to reside in environments with ∼ 3 − 5× the number
of neighboring sources relative to blank fields (e.g. Venemans et al.
2007; Jones et al. 2014; Fan et al. 2017). Such strong overdensities
are, at 𝑧 & 7, likely to carve out large ionized regions in the mostly
neutral IGM. Further spectroscopy (targeting the fainter photometric
neighbors) will be able to verify whether COS-87259 is tracing such
an overdense ionized region (e.g. Endsley & Stark 2022).
This strong overdensity suggests that COS-87259 (if at 𝑧 ' 6.8)

likely occupies a special region of the early Universe that may be
preferentially traced by an extremely massive halo (and hence an
exceptionally luminous AGN). To test this, we analyze the environ-
ments of the most massive halos within the very large (1 Gpc/ℎ)3
MultiDark Planck 2 simulation (MDPL2; Klypin et al. 2016) at a
snapshot redshift of 𝑧 = 6.85. We generate multiple lines of sight
through the 10 most massive halos in the simulation and ask in how
many realizations there are at least four neighboring 𝑧 = 6.6 − 6.9
sources with MUV < −21 within an 18 arcmin2 region (where the
central massive halo is assumed to lie at 𝑧 = 6.75). Here, halos are as-
signedUVmagnitudes using theuniversemachinemodel (Behroozi
et al. 2019) which has been calibrated to empirical UV luminosity
functions,MUV-M∗ relations, sSFR, and cosmic star formation rate
density measurements at high redshifts (𝑧 ∼ 4 − 10). We find that in
66% of realizations, the ten most massive halos in MDPL2 occupy
overdensities similar to that of COS-87259. This is a marked contrast
to only 0.10% of randomly positioned and oriented sightlines that
contain five MUV < −21 𝑧 = 6.6 − 6.9 galaxies in an 18 arcmin2
region. This suggests that extremely massive halos in the early Uni-
verse would indeed preferentially trace the strong overdensity seen
around COS-87259.

5 SUMMARY AND OUTLOOK

We have reported mid-IR, far-IR, sub-mm, and radio detections co-
incident with the position of a UV-luminous (MUV = −21.7) 𝑧 ' 7
Lyman-break galaxy candidate located in the 1.5 deg2 COSMOS

7 http://ultravista.org/
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field. This source, COS-87259, exhibits a sharp flux discontinuity
(factor >3) between the HSC ib945 and nb973 bands (Δ_ = 250 Å)
and is undetected in all nine bands blueward of 0.96`m (including
HST ACS/F814W) as expected from a Ly𝛼 break at 𝑧 ' 6.8. The full
multi-wavelength data (X-ray through radio) of COS-87259 can be
self-consistently explained by a massive (M∗ = 1010.8 M�) and ex-
tremely red (𝛽 = −0.59) galaxy at 𝑧 = 6.83±0.06with hyperluminous
infrared emission (log (LIR/L�) = 13.6) powered by both an intense
burst of highly-obscured star formation (SFR≈ 1800M� yr−1) and an
obscured (𝜏9.7`m = 7.7±2.5) radio-loud (L1.4 GHz ≈ 1025.4WHz−1)
AGN. The radio emission is compact (1.04±0.12 arcsec) and exhibits
an ultra-steep spectrum between 1.32–3 GHz (𝛼 = −1.57+0.22−0.21) that
flattens at lower frequencies (𝛼 = −0.86+0.22−0.16 between 0.144–1.32
GHz), consistent with known 𝑧 > 4 radio galaxies. We also find ev-
idence that COS-87259 may reside in significantly overdense (11×)
environment at 𝑧 ' 6.8, as is common for systems hosting radio-loud
AGN at lower redshifts.

We consider models of low-redshift galaxies and find that such so-
lutions are unlikely to reproduce the optical and near-infrared data,
at least when assuming a suite of standard dust screen models. It
is possible that the sharp flux discontinuity seen in COS-87259 can
be produced by a very rare class of AGN (FeLoBAL) if at 𝑧 ' 2.4.
However, it is not immediately clear that such an AGN would go
undetected in all nine bands blueward of 0.96`m. This low-redshift
FeLoBAL solution also cannot easily explain the extended morphol-
ogy of theHSTWFC3/F160W detection. We also cannot rule out the
possibility that COS-87259 is a 𝑧 ' 6.8 source that is being gravita-
tionally lensed by a foreground extremely dusty starburst galaxy, the
latter of which could dominate the mid-IR through radio emission.
A spectroscopic redshift will ultimately be required to establish the
true nature of COS-87259 beyond any doubt. While optical (0.75–
1.00`m) spectroscopic observations of COS-87259 has resulted in
no detection of Ly𝛼 emission, this is consistent with expectations of
a 𝑧 ' 6.8 solution given the implied extremely red rest-UV slope of
this source. Observations of far-IR cooling lines (e.g. [CII]) would
likely offer a better means of confirming the redshift of COS-87259
due to its high star formation rate.

If COS-87259 is confirmed to lie at 𝑧 ' 6.8, we estimate that at
least one of four very massive (M∗ > 1010M�) UV-bright 𝑧 ' 6.6 −
6.9 galaxies in COSMOS would be known to exhibit both AGN and
highly-obscured star formation activity. Such a confirmation would
be consistent with a picture wherein very massive galaxies contribute
significantly to the cosmic star formation rate density at 𝑧 > 6. The
inferred star formation rate of COS-87259 alone (SFR≈1800 M�
yr−1) is equivalent to ≈3–4% of the total SFR from all MUV <

−17 𝑧 ' 6.6 − 6.9 galaxies in the 1.5 deg2 COSMOS field (i.e.
those detectable with ultra-deep HST imaging; McLure et al. 2013;
Bouwens et al. 2015a; Finkelstein et al. 2015). If confirmed, COS-
87259may also suggest that AGN are fairly common among the most
massive, UV-luminous galaxies in the reionization era. Several other
UV-bright galaxies at 𝑧 ∼ 7 − 9 have shown evidence of significant
AGN activity via detections of NV_1240 emission (Tilvi et al. 2016;
Laporte et al. 2017; Mainali et al. 2018; Endsley et al. 2021b),
perhaps indicating that AGN make a non-negligible contribution
to the ionizing photon budget at early times (Madau & Haardt 2015).
Wider-area multi-wavelength surveys will ultimately be required to
better characterize the demographics of AGN as well as the incidence
of intense star formation activity within very massive reionization-
era galaxies, including those which are too reddened to be selected
in the rest-frame ultraviolet.
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