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ABSTRACT

We analyze two dusty star-forming galaxies at z = 6.6. These galaxies are selected from the ASPIRE survey,
a JWST Cycle-1 medium and ALMA Cycle-9 large program targeting 25 quasars and their environments at
z ~ 6.5 — 6.8. These galaxies are identified as 'companions to UV-luminous quasars and robustly detected in
ALMA continuum and [C II] emission, yet they are extraordinarily faint at the NIRCam wavelengths (down to
> 28.0 AB mag in the F356W band). They are more obscured than galaxies like Arp220, and thus we refer
to them as “NIRCam-dark” starburst galaxies (star formation rate ~ 80 — 250 M yr—!). Such galaxies are
typically missed by (sub)-millimeter blank-field surveys. From the star-formation history (SFH), we show that
the NIRCam-dark galaxies are viable progenitors of massive quiescent galaxies at z 2 4 and descendants of
UV-luminous galaxies at z > 10. Although it is hard to constrain their number density from a quasar survey, we
conclude that NIRCam-dark galaxies can be as abundant as n ~ 107> Mpc~2 assuming a light halo occupation
model. If true, this would equal to ~30% of the number densities of both the quiescent galaxies at z = 4 and
UV-luminous galaxies at z > 10. We further predict that analogs at z ~ 8 should exist according to the SFH
of early massive quiescent galaxies. However, they may fall below the current detection limits of wide JWST
and ALMA surveys, thus remaining “JWST-dark”. To fully trace the evolution of massive galaxies and dust-
obscured cosmic star formation at z 2 8, wide-field JWST/NIRCam imaging and slitless spectroscopic surveys
of early protoclusters are essential.

Keywords: High-redshift galaxies (734) — Starburst galaxies (1570) — Luminous infrared galaxies (946) —
Galaxy evolution (594) — James Webb Space Telescope (2291)

1. INTRODUCTION

Dust plays a pivot role in obscuring the majority of the
cosmic star formation at redshift z ~ 1 — 4 (see a review
by P. Madau & M. Dickinson 2014). Since the end of the
last century, dusty star-forming galaxies (DSFGs) with IR lu-
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minosities resembling those of local ultra-luminous infrared
galaxies (ULIRGs; Lig ~ 10'2 — 10'3 L) have been found
in abundance across the bulk of the cosmic history (e.g., L.
Smail et al. 1997; D. H. Hughes et al. 1998; J. D. Vieira
et al. 2010; S. J. Oliver et al. 2012 and reviews by, e.g., J. A.
Hodge & E. da Cunha 2020). These galaxies, also known as
submillimeter galaxies (SMGs), undergo vigorous starbursts
with star formation rates (SFR) greater than 100 M yr—!,
while only emitting a very small fraction of their light in the
rest-frame UV/optical because of the strong dust obscuration.
When they exhaust their cold molecular gas reservoirs, DS-
FGs are believed to evolve into massive quiescent galaxies at
lower redshifts (e.g., S. Toft et al. 2014).

Among all DSFGs discovered at (sub)-millimeter wave-
lengths, the optically faint DSFG population has been of
particular interest. Simply placing the same DSFG from
z = 0.5 to higher redshifts, the brightness of the galaxy will
drop quickly in the optical-IR, but remain almost unchanged
at millimeter wavelengths because of the strong negative K
correction. Therefore, a low flux density ratio between the
rest-frame optical and far-IR is indicative of a high photo-
metric redshift. Indeed, one of the first DSFGs discovered
at 850 um, HDF850.1 (D. H. Hughes et al. 1998), remains
undetected with HST from the optical to near-IR. The red-
shift of HDF850.1 is confirmed at z = 5.18 through CO and
[C 11] spectroscopy with millimeter interferometry (F. Walter
et al. 2012). After more than two decades since its discovery,
the stellar component of HDF850.1 was finally detected at
1-5 pm with JWST/NIRCam (F. Sun et al. 2024; T. Herard-
Demanche et al. 2025). Similar galaxies have been referred
to as “HST-dark”, “near-IR-dark”, “H-dropout”, or “H-faint”
galaxies in a plethora of literature. These galaxies are found
to have a wide range of redshift (z ~ 2 — 6), stellar age
and dust attenuation distribution, and they consist of 15-20%
of DSFGs selected through ALMA millimeter observations
(e.g., C.-C. Chen et al. 2015; J. M. Simpson et al. 2015;
M. Franco et al. 2018; T. Wang et al. 2019; Y. Yamaguchi
et al. 2019; C. Gémez-Guijarro et al. 2022; S. Fujimoto et al.
2024).

So far, the vast majority of DSFGs selected through (sub-
)millimeter surveys in blank fields are at z < 6 (e.g., J. M.
Simpson et al. 2019; M. Aravena et al. 2020; U. Dudzeviciute
et al. 2020; C. Gomez-Guijarro et al. 2022; L. Bing et al.
2023; S. Fujimoto et al. 2024; A. S. Long et al. 2024a). At
z 2 6, the Epoch of Reionization (EoR), the detections of
DSFGs frequently rely on gravitational lensing (e.g., D. A.
Riechers et al. 2013; D. Watson et al. 2015; M. L. Stran-
det et al. 2017; J. A. Zavala et al. 2018; N. Laporte et al.
2021) and pointed ALMA observations of known luminous
galaxies and quasars (e.g., R. Decarli et al. 2017; C. Mazzuc-
chelli et al. 2019; B. P. Venemans et al. 2019; T. Hashimoto
et al. 2019; Y. Tamura et al. 2019; Y. Harikane et al. 2020;
H. Inami et al. 2022; A. P. S. Hygate et al. 2023), especially
through the Cycle-7 ALMA large program REBELS (R. J.
Bouwens et al. 2022). Many of these pointed observations
succeeded in detecting the dust-obscured star formation not
only in the targeted galaxies, but also their companions that

could be totally obscured in the HST bands, and sometimes
even Spitzer/IRAC 3.6/4.5 ym (e.g., Y. Fudamoto et al. 2021;
S. Fujimoto et al. 2024).

These studies highlight the importance of dust-obscured
star formation even in the EoR, although the measurements
of obscured SFR densities based on these pointed (and thus
biased) observations remain highly challenging (e.g., see
H. S. B. Algera et al. 2023; I. F. van Leeuwen et al. 2024). If
heavily obscured galaxies frequently exist at these redshifts
but below the detection limit of wide-field imaging surveys,
our understanding of massive galaxy assembly would be
highly incomplete. In fact, JWST imaging and spectroscopic
observations of early massive quiescent galaxies frequently
imply the existence of starburst progenitors at z ~ 6—10 with
SFR above 100 M, yr*1 (e.g., A. C. Carnall et al. 2023a;
K. Glazebrook et al. 2024; A. de Graaff et al. 2025; W. M.
Baker et al. 2025). Some of these progenitors may have un-
dergone highly efficient starbursts, converting the majority
of accreted baryons to stars (e.g., A. C. Carnall et al. 2024;
C. Turner et al. 2025). Associated with the starburst, these
galaxies may be heavily dust-obscured and thus remain as
an undetected population with JWST wide-field imaging sur-
veys (e.g., C. C. Williams et al. 2024; K. Glazebrook et al.
2024).

In this work, we present the identification and analyses of
two NIRCam-dark galaxies at z = 6.6 with ALMA. These
two dusty starburst galaxies are selected through the ASPIRE
JWST and ALMA survey (F. Wang et al. 2023, in prep.). In
Section 2, we describe the observations and data processing
techniques. We present the source selection, photometry and
SED modeling in Section 3. We discuss the implications of
these galaxies to the overall picture of massive galaxy evo-
lution in Section 4. Our conclusions are summarized in Sec-
tion 5. Throughout this work, we assume a flat ACDM cos-
mology with Hy = 70kms~" Mpc™' and Qy = 0.3. AB
magnitude system (J. B. Oke & J. E. Gunn 1983) is adopted
to describe source brightness in the optical and near-IR. We
also assume a G. Chabrier (2003) initial mass function. We
define the IR luminosity (Lir) as the integrated luminosity
over a rest-frame wavelength range from 8 to 1000 pm.

2. OBSERVATION AND DATA PROCESSING
2.1. JWST/NIRCam

JWST/NIRCam (M. J. Rieke et al. 2023) three-band imag-
ing data of 25 luminous quasars at z = 6.5 — 6.8 were
obtained through the Cycle-1 ASPIRE program (GO-2078;
PI: F. Wang; F. Wang et al. 2023). The exposure time with
each filter is 1417 s (F115W), 2834 s (F200W) and 1417 s
(F356W), respectively. The NIRCam data processing has
been described in detail with previous papers from the AS-
PIRE collaboration (F. Wang et al. 2023; J. Yang et al. 2023).
Briefly, the data were processed through a modified JWST
calibration pipeline (H. Bushouse et al. 2023) with the ref-
erence file jwst_1080.pmap (including JWST Cycle-1
NIRCam flux calibrations). This includes a few commonly
adopted customized treatments, for example, 1/ f noise sub-
traction, iterative sky background removal and WCS align-
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ment to Gaia DR3 ( Gaia Collaboration et al. 2023) or the
DESI Legacy Imaging Survey (A. Dey et al. 2019) if not
enough Gaia stars are found within the Field of View (FoV).

We also note that ASPIRE also obtained NIRCam wide-
field slitless spectroscopy (WFSS) of the targeted quasar
fields in the F356W band. These data were not directly used
in our analyses (but see Section 4.2).

2.2. ALMA

ALMA 1.2mm mosaics of all 25 ASPIRE quasar fields
were obtained through a 100-hr ALMA Cycle-9 large pro-
gram (PI: F. Wang; Program ID: 2022.1.01077.L). In each
quasar field, we map the 1/2x1/1 region centered on the
quasar at the [C II] 158 pm wavelength, and therefore search
for companion galaxies at the quasar redshifts (within a ve-
locity offset of Av ~ +2200kms™1).

The ALMA data reduction has been described in detail by
F. Sun et al. (2025a) through a standard CASA v6.4.1.12
pipeline ( CASA Team et al. 2022). To avoid the artifi-
cial boost of continuum flux densities from [C II] emitters
at quasar redshifts, we first flagged the spectral channels
that have a velocity offset smaller than 500kms™"' from
the quasar [C II] line center. To optimize the detection of
sources with both compact and extended dust continuum or
[C 1] emissions, we produced ALMA mosaics at both na-
tive resolution (Briggs weighting robust=0.5, no uv ta-
pering) and tapered resolution (robust=2.0, uv tapered
with a Gaussian kernel of FWHM=1"0). The synthesized
beam FWHM is (/6540705 and 17344-0"05 for native and
tapered continuum image mosaics, respectively. The typical
continuum rms noises (before primary beam response correc-
tion) of our ALMA mosaics are 0.03140.004 mJy beam !
and 0.03440.004 mJy beam™! at native and tapered resolu-
tion, respectively.

We also include archival ALMA measurements of our tar-
gets at Band 3, 4, 5 and 7. Band-3, 4, 5 observations were
obtained through program 2017.1.00139.S, 2017.1.01532.S
and 2019.1.00147.S (B. P. Venemans et al. 2019; A. Pens-
abene et al. 2021; J. Li et al. 2022). We directly use these
published photometric measurements. Band 7 observations
were obtained through 2021.1.00443.S (PI: J. Spilker), and
the data were processed through a similar routine as that of
the ASPIRE-ALMA data.

3. RESULTS
3.1. The identification of NIRCam-dark galaxies

F. Sun et al. (2025a) reported the detection of 117 con-
tinuum sources at primary beam response > 0.25 (over
35arcmin?) through the ASPIRE-ALMA survey. Among
these 1.2-mm continuum sources, 23 sources are quasars
and the remaining sources are classified as DSFGs at cos-
mological distances. Six of these DSFGs are at z > 6, all
confirmed as quasar companions through ALMA [C II] de-
tection or JWST/NIRCam grism spectroscopy of the [O III]
doublets.

Among all ASPIRE-ALMA continuum sources, we iden-
tify two galaxies detected at 1.2mm at high significance

(8.7 and 26.40) but lacking obvious NIRCam counterparts.
The NIRCam and ALMA images of these two galaxies are
shown in Figure 1. Both galaxies are spectroscopically con-
firmed as companions to quasars at z ~ 6.6 through ALMA
[C 11] spectroscopy. The first source, J0305m3150.C05 (z =
6.606), was known as a companion galaxy to quasar JO305—
3150 at z = 6.614 through previous ALMA studies (dubbed
as C3; e.g., B. P. Venemans et al. 2019, 2020; J. Li et al.
2022; F. Wang et al. 2023) with a velocity offset of Av =
—290 + 30kms~! and angular offset of 6/9. The second
source, J1526m2050.C02 (z = 6.590), was also known as
a companion galaxy to quasar J1526-2050 (or PSO J231-20,
z = 6.587) through previous ALMA studies (R. Decarli et al.
2017; C. Mazzucchelli et al. 2019; A. Pensabene et al. 2021)
with a velocity offset of Av = +137430 km s~! and angular
offset of 1”6. The detections with multiple ALMA datasets
at various frequencies validate the fidelity of these sources.

We conduct photometry of the two sources in available
JWST/NIRCam and ALMA data. Because J1526m2050.C02
is close to the luminous quasar, we subtract a point spread
function (PSF) model from the quasar image. The PSF model
is constructed using a PSF star library in the ASPIRE fields.
The detailed method and validation of the PSF model and
subtraction will be presented in a forthcoming paper from the
ASPIRE collaboration (J. Yang et al. in prep.). The quasar-
subtracted NIRCam images in the F200W and F356W bands
are shown in the third row of Figure 1.

Compared with the ALMA continuum contours, we find
faint diffuse emission (diameter ~ 1”) at the location of
J1526m2050.C02 in the F356W band. This is somewhat ex-
pected, because the surface brightness dimming is as a func-
tion of (14 2)~*, and DSFGs at lower redshifts are known to
host more extended stellar continuum (attenuated) than the
dust continuum (e.g., C.-C. Chen et al. 2015; J. A. Hodge
et al. 2016). Therefore, to avoid substantial flux loss of dif-
fuse emission, we obtain photometry using a circular aperture
of radius » = 0”5. The photometric uncertainties are esti-
mated using random apertures in source-free regions within
10” from the targets. We find that J0305m3150.C05 remains
undetected in all NIRCam images (>28.0 AB mag in F356W,
3o limit), and the residuals of J1526m2050.C02 are only de-
tected in the F356W band (26.5+0.1 AB mag).

These two DSFGs are extraordinarily faint at the NIR-
Cam wavelengths. For comparison, all 289 DSFGs in J.
McKinney et al. (2025) that fall in COSMOS-Web footprint
(C. M. Casey et al. 2023) are brighter than 26 AB mag in the
F444W band if measured with the same r = 05 aperture
size. To our knowledge, DSFGs similar to J0305m3150.C05
or J1526m2050.C02 do not exist in ALMA blank-field sur-
veys in the Hubble Ultra-Deep Field (HUDF) / GOODS-S
region either (e.g., J. S. Dunlop et al. 2017; B. Hatsukade
et al. 2018; M. Franco et al. 2018; J. Gonzélez-Lopez et al.
2020; C. Gémez-Guijarro et al. 2022), as all secure (> 60)
ALMA continuum sources have been detected by NIRCam
(e.g., L. A. Boogaard et al. 2024; R. Hill et al. 2024) as long
as they fall in the JADES footprints (D. J. Eisenstein et al.
2023). Therefore, we refer to these galaxies as “NIRCam-
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Figure 1. JWST NIRCam images (F115W, F200W, F356W), ALMA 1.2 mm continuum images and [C II] 158 pum spectra of two NIRCam-dark
galaxies at zgpec ~ 6.6. Because the luminous quasar J1526-2050 is visible to the northwest of J1526m2050.C02 (1”6 separation), we also
show the quasar-subtracted F200W and F356W image of J1526m2020.C02 in the third row, with ALMA continuum contours (purple) at 10
and 200 overlaid. Tmage size is 4” x4”. These galaxies are selected as companions of quasars with ALMA, but remain undetected or faint at

JWST/NIRCam wavelengths.

dark” (53.6 um /S1.2mm < 10~%) starburst galaxies in this
paper.

ALMA Band-6/7 flux densities are measured from the
peak of the uv-tapered images as described by F. Sun et al.
(2025a). ALMA flux densities in other bands are taken from
literature (A. Pensabene et al. 2021; J. Liet al. 2022). We also
measure the ALMA 1.17 mm continuum sizes using CASA
IMFIT function in the image plane with synthesized beam
deconvolved. Both sources have compact dust continuum
emission with circularized effective radius Re cire ~ 0719
(~ lkpc at z = 6.6). Table 1 summarizes the JWST and
ALMA photometry of the two NIRCam-dark DSFGs.

3.2. SED modeling and physical properties

We model the spectral energy distributions (SED) of
the two NIRCam-dark galaxies with CIGALE, an energy-
balance parametric SED-fitting software (S. Noll et al. 2009;
M. Boquien et al. 2019). We assume a commonly used
delayed-T star-formation history (SFH), in which SFR(t) x
texp(—t/7) and T is the peak time of star formation. We
allow the age of main stellar population to be 20-500 Myr
and 7 to be 20-2000 Myr. An optional late starburst is al-
lowed in the last 20 Myr of SFH, which could produce up
to 10% of the total stellar mass. We use G. Bruzual & S.
Charlot (2003) stellar population synthesis models, and as-
sume a solar metallicity (Zs) given the strong presence of
dust. We adopt a modified D. Calzetti et al. (2000) attenu-
ation curve, and allow the variation of the power-law slope
by £0.2 and Ay effectively at 0-15. Nebular emission is
included assuming an electron density of n, = 100cm—3
and ionization parameter logU = —4 ~ —2. For simplic-

Table 1. The properties of the two NIRCam-dark galaxies.

J0305m3150.C05  J1526m2050.C02

R.A [deg] 46.31826 231.65781
Decl. [deg] -31.84859 -20.83397
Zspec 6.606 6.590
Offset from quasar ["'] 6.9 1.6
Re circ ' 0.1940.08 0.1940.05
NIRCam F115W [nlJy] <56.4 <81.6
NIRCam F200W [nJy] <24.6 <40.8
NIRCam F356W [nJy] 11.6+7.7 87.84+8.7
ALMA 0.893 mm [mly] 0.641+0.04 1.71+0.04
ALMA 1.17 mm [mJy] 0.321+0.04 1.0440.04
10g[Mstar/Mo] 10.0+£0.5 10.5£05
log[SFR /Mg yr—1] 1.940.1 2.440.1
Ay [mag] 7.5+3.7 3.54+0.4
log[L1r/Lo) 11.940.1 12.420.1
10g[Migas /Mo ] 9.540.2 10.4-0.2
10g[Maust /Mo] 76403 8.340.1
Tt K] 44.7+10.9 36.542.4

NOTE—The circularized effective radii (Re,circ) are measured at
ALMA 1.17 mm (dust continuum). The molecular gas masses
(Mgas) are from J. Li et al. (2022, J0305m3150.C05) and A.
Pensabene et al. (2021, J1526m2050.C02). Other ALMA
photometry is also available therein. Upper limits are at 3o.

ity, we assume a mid-to-far-IR dust continuum model from
C. M. Casey (2012), parameterized by the dust temperature
(Tqust; 30-60 K), dust emissivity (Bem; 1.6-2.0) and mid-IR
power-law slope (angr, fixed at 2.0). Although the C. M.
Casey (2012) model does not include mid-IR polycyclic aro-
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Figure 2. SEDs of the two NIRCam-dark galaxies (red circles). The best-fit SED models obtained by CIGALE are shown in the black lines. The
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optically faint DSFGs at z ~ 3 (purple; E. da Cunha et al. 2015), all redshifted and scaled to the ALMA 1.2-mm flux densities, are shown for

comparison.

matic hydrocarbon (PAH) features, the inclusion of a mid-IR
power-law slope can well reproduce the luminosity excess
from PAHs from a comparison of widely used empirical SED
templates (e.g., R. Chary & D. Elbaz 2001; G. H. Rieke et al.
2009) as tested by F. Sun et al. (2025a).

We note that an active galactic nucleus (AGN) component
is not included in our SED modeling. Both sources remain
undetected in the X-ray with Chandra (T. Connor et al. 2020;
F. Wang et al. 2021), disfavoring the presence of unobscured
AGNs. The AGN contributions to the ALMA flux densities
are also likely insignificant (see the discussion in F. Sun et al.
2025a).

Figure 2 shows the best-fit SED models of the two
NIRCam-dark galaxies. For comparison, we also plot the
SED templates of (i) the nearby starburst galaxy Haro 11 (J.
Lyu et al. 2016, whose far-IR SED may resemble those of
luminous DSFGs at z 2 6 as argued by M. E. De Rossi et al.
2018), (ii) the nearby ULIRG Arp 220 (L. Silva et al. 1998,
including both the obscured nucleus and unobscured stellar
component) and (iii) the optically faint DSFGs at z ~ 3 se-
lected through the ALESS survey (E. da Cunha et al. 2015),
all normalized to the ALMA 1.2-mm flux densities. We find
that the two NIRCam-dark galaxies appear to be more ob-
scured in rest-frame optical even compared with Arp 220 or
z ~ 3 optically faint DSFGs. In particular, z ~ 3 optically
faint DSFGs in E. da Cunha et al. (2015) will remain above
our F200W and F356W detection limit if they are redshifted
to z = 6.6. The SED fitting implies a substantial V'-band dust
attenuation (Ay up to 7.5£3.7 mag for JO305m3150.C05)
for these NIRCam-dark DSFGs.

The multiple-wavelength ALMA observations offer use-
ful constraints to the far-IR SEDs. With IR luminosities
Lig ~ 109 — 10124 L, we infer a dust-obscured SFR

of 80250 M, yr~! for the two sources (R. C. Kennicutt &
N. J. Evans 2012). These are consistent with the SFR in-
ferred from the [C II] luminosities (A. Pensabene et al. 2021;
J. Li et al. 2022). In contrast, the constraints on their stellar
mass are rather poor. We infer stellar mass log(Mgtar/Mg)
of 10.0+0.5 and 10.5+0.5 for both targets respectively, and
the large errors are natural consequence of poor constraints in
the rest-frame UV/optical through Bayesian inference. The
inferred physical properties of the two galaxies are also pre-
sented in Table 1.

The molecular gas masses (Mgas) of the two galaxies have
been studied through [C I] and CO observations by A. Pens-
abene et al. (2021) and J. Li et al. (2022). We find com-
parable Mg, and Mg, for the two galaxies, indicating
high gas fractions associated with the starbursts. We further
model the far-IR SEDs of the two galaxies with a modified
blackbody model assuming a dust absorption coefficient as
x = 0.40 x (v/250)%m in unit of cm? g~!, where v is the
rest-frame frequency in GHz and Sy, is fixed at 1.8 follow-
ing previous works (e.g., T. Diaz-Santos et al. 2017; F. Sun
et al. 2022). We also consider the CMB heating effect follow-
ing E. da Cunha et al. (2013), which is found to be small at
the derived Tyst. The derived dust masses and temperatures
are also presented in Table 1. Although the constraints are
poor for J0305m3150.C05 because of limited ALMA cover-
age, both sources exhibit normal dust temperature and gas-
to-dust ratio dgpg around 100.

4. DISCUSSION

4.1. Placing NIRCam-dark starbursts in the context of
massive galaxy evolution

These two NIRCam-dark galaxies are among the highest-
redshift ALMA continuum sources selected by the ASPIRE-
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Figure 3. Stellar mass (left) and SFR (right) versus redshift for NIRCam-dark dusty starburst galaxies (red diamonds) in the context of
massive galaxy evolution. For comparison we show the star-formation histories of massive quiescent galaxies at z ~ 4 confirmed with JWST
spectroscopy (gray circle: K. Glazebrook et al. 2024 but using the SFH from C. Turner et al. 2025; diamond: A. de Graaff et al. 2025 with
solar-metallicity SFH model; triangle: A. C. Carnall et al. 2023a but using the SFH from Z. Ji et al. 2024a; squares: W. M. Baker et al. 2025).
We also highlighted two ALMA-confirmed dusty starbursts known at z > 7 prior to JWST in coral diamonds, including REBELS-25 (z = 7.3;
A.P.S. Hygate et al. 2023) and MACS0416_Y1 (z = 8.3; Y. Tamura et al. 2019). JWST-confirmed luminous galaxies at z > 10 with low dust
content (also known as “blue monsters”; e.g., F. Ziparo et al. 2023) are shown in blue circles (including P. Arrabal Haro et al. 2023; A. J. Bunker
et al. 2023; S. Carniani et al. 2024; M. Castellano et al. 2024; T. Y.-Y. Hsiao et al. 2024; V. Kokorev et al. 2025; R. P. Naidu et al. 2025; J. A.
Zavala et al. 2025). The median evolution track of early massive galaxies in cosmological simulations are shown in colored lines (including
FLARES, C. C. Lovell et al. 2023; IllustrisTNG, A. Pillepich et al. 2018, D. Nelson et al. 2019 and A. 1. Hartley et al. 2023; THESAN, R.
Kannan et al. 2022 and H. G. Chittenden et al. 2025). NIRCam-dark dusty starburst galaxies presented by this study are candidates for the
progenitors of massive quiescent galaxies at z ~ 4 and descendants of “blue monsters” at z > 10.

ALMA survey. The redshifts of our targets are also higher
than the vast majority of DSFGs selected from millimeter
surveys in blank fields (z < 6; see references in Section 1).
Therefore, a low flux density ratio of Sg_GMm/Summ is
somewhat expected at such high redshifts (e.g., Y. Yam-
aguchi et al. 2019), leading to the faintness of these galaxies
at NIRCam wavelengths.

However, from the viewpoint of massive galaxy evolution,
the identification of NIRCam-dark galaxies in the EoR could
be particularly important. Figure 3 shows the stellar mass
and SFR of NIRCam-dark galaxies compared with (i) the
SFH of massive quiescent galaxies at z = 4 that have been
frequently confirmed with JWST spectroscopy (e.g., A. C.
Carnall et al. 2023a; K. Glazebrook et al. 2024; W. M. Baker
et al. 2025; A. de Graaff et al. 2025), and (ii) z > 10 lu-
minous galaxies with low dust content confirmed by JWST
(e.g., P. Arrabal Haro et al. 2023; A. J. Bunker et al. 2023;
S. Carniani et al. 2024; M. Castellano et al. 2024; V. Koko-
rev et al. 2025; R. P. Naidu et al. 2025; J. A. Zavala et al.
2025; also known as “blue monsters”, e.g., F. Ziparo et al.
2023). From the SFH modeled from JWST spectrophotome-
try, it is evident that many of the massive quiescent galaxies
at z > 4 are expected to be massive (Mgar = 10° M) star-
forming (SFR > 10 M, yr~!) galaxies at z ~ 12, matching
the observables of the “blue monsters” at this epoch. The in-

ferred SFH of these early quiescent galaxies typically peak at
z ~ 6 — 8, with SFR at > 100 M, yr~1.

We find that the stellar mass and SFR of NIRCam-dark
DSFGs at z ~ 7 exactly match the starburst progenitors of
massive quiescent galaxies at z ~ 4 (Figure 3). The com-
pact sizes of their dust continuum emission (and therefore
the molecular gas reservoir; Re circ ~1kpc) also resemble
the compact stellar sizes of massive quiescent galaxies at
z ~ 4 (Recire S1kpe; e.g., Z. Ji et al. 2024b). We there-
fore argue that NIRCam-dark DSFGs are likely the progen-
itors of z ~ 4 massive quiescent galaxies and descendants
of z > 10 “blue monsters”, or at least representing one vi-
able intermediate galaxy population that can bridge the two
massive galaxy populations before and after the EoR.

From cosmological simulations, it is also clear that the pro-
genitors of z 2 4 massive quiescent galaxies should be mas-
sive gas-rich starburst galaxies at z ~ 7, matching the Mg,
and SFR of NIRCam-dark galaxies in our sample (e.g., see
the SFHs in Figure 3 simulated by FLARES, C. C. Lovell
et al. 2023; MlustrisTNG, A. Pillepich et al. 2018; D. Nelson
et al. 2019, see also A. I. Hartley et al. 2023; THESAN, R.
Kannan et al. 2022; H. G. Chittenden et al. 2025).

However, we also note that many starburst galaxies with
SFR > 100 My yr—! at z ~ 7 may quench at later epochs
(e.g., z ~ 3 from TNG100), possibly depending on the
quenching physical mechanisms. The obscuration of star-
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bursts at z ~ 7 also depends on complicated physics of
dust production (e.g., A. LeSniewska & M. J. Michalowski
2019; C. R. Choban et al. 2025), geometry and sometimes
viewing angles (R. K. Cochrane et al. 2024), many of which
are not clear from either observational or theoretical perspec-
tives. Specifically, the observed high dust-to-stellar mass ra-
tio log(Mgust /Mstar) ~ —2.3 £ 0.5 as observed for the two
galaxies are perhaps particularly interesting. The observed
Maust /Mstar approaches the expectation from the “maximal
dust model” at z ~ 7 through core-collapse supernovae dust
production by P. Dayal et al. (2022), and match the G. Pop-
ping et al. (2017) model prediction at solar metallicity. Nev-
ertheless, future deeper JWST imaging observations, in par-
ticular with multi-band MIRI imaging, are needed to provide
tighter constraints on the Mg, of the two objects and thus
models of dust production (and destruction) for massive star-
burst galaxies in the EoR.

4.2. The number density of NIRCam-dark starbursts

To assess whether NIRCam-dark starbursts are possible
progenitors of z 2 4 massive quiescent galaxies and de-
scendants of z > 10 blue monsters, we analyze the num-
ber densities of these galaxy populations. The number den-
sity of massive quiescent galaxies at z 2 4 has been ob-
served at n ~ 107° — 3 x 10~° Mp073 (e.g., A. C. Car-
nall et al. 2023b; F. Valentino et al. 2023; A. S. Long et al.
2024b; W. M. Baker et al. 2025). On the other hand, JWST
also measures the number density of luminous Lyman-break
galaxies (absolute UV magnitude Myy ~ —21, correspond-
ingtoa SFR~10Mg yr—!)atz ~ 12asn ~ 1075 Mpc ™
(e.g., C. T. Donnan et al. 2024; S. L. Finkelstein et al. 2024;
B. Robertson et al. 2024; Y. Harikane et al. 2025; R. P.
Naidu et al. 2025; L. Whitler et al. 2025). Therefore, if
the abundance of NIRCam-dark DSFGs is also found to be
~ 1075 Mpc 3, it would provide strong evidence to the evo-
lutionary connection.

However, it is not easy to constrain the number density
of NIRCam-dark galaxies because they are selected as com-
panions of luminous quasars. Luminous quasars at z 2 6
are now confirmed to generally reside in massive dark matter
halos thanks to JWST/NIRCam observations, in particularly
with WESS (e.g., D. Kashino et al. 2023; F. Wang et al. 2023;
A.-C. Eilers et al. 2024; J. B. Champagne et al. 2025; M. Pu-
doka et al. 2025). Through the galaxy auto-correlation func-
tion, quasar-galaxy cross-correlation function and compari-
son with dark-matter-only simulations, the host halo masses
of quasars are measured as log(Mpao) = 12.30 from the
EIGER survey (six quasars at z ~ 6; A.-C. Elilers et al.
2024) and similarly with the ASPIRE survey (25 quasars at
z ~ 6.5 — 6.8; F. Wang et al. in prep.). Such massive halos
are rare at z ~ 6.6 (n < 10~7 Mpc " based on the halo mass
function, HMF model of S. G. Murray et al. 2013), although
the number density is still much higher than that of quasars
at this epoch (n = 0.39 £ 0.11 Gpc—3; E. Wang et al. 2019).

E. Pizzati et al. (2024) developed an empirical quasar
population model that successfully reproduces the clustering
properties and luminosity functions (LF) of quasars based on

N-body simulations. Following this model, the luminosity of
a quasar (or galaxy) is dependent on the halo mass, and the
probability distribution function that a halo could host a de-
tectable quasar (or galaxy), P(Mpalo), can be approximated
as a Gaussian function:

[log(Mhalo/Mc)]2

2
202,

P(Mhalo) = Pmax eXp{_ } (1)
where Py .« is the maximum likelihood of halo occupation,
M., is the characteristic halo mass, and o,,, is the mass dis-
persion. Taking the HMF at z = 6.6 (S. G. Murray et al.
2013) and the shape of quasar-host HMF (RMS of M 1)
inferred by E. Pizzati et al. (2024) for EIGER quasars (A.-C.
Eilers et al. 2024), we reproduce the observed quasar num-
ber density at z ~ 6.6 with the parameter set Py, = 0.02,
log(M./Mg) = 12.73, oy, = 0.22, and the resultant quasar
host HMF is shown as the solid red line in Figure 4 (left
panel). At the median log(Mpa10/Mg) ~ 12.3 of quasars,
the fraction of halos that host a detectable quasar is very low
(~3x1073).

Quasars are already rare objects residing in these massive
halos, which likely indicates a low duty cycle in the UV-
bright phase (fauy S 1%; e.g., A.-C. Eilers et al. 2024;
E. Pizzati et al. 2024; F. Wang et al. in prep.). With AS-
PIRE, we identify two NIRCam-dark galaxies in 25 mas-
sive halo environments at z ~ 6.5 — 6.8. Therefore, we
conclude that the occurrence rate of NIRCam-dark galaxies
(f =2/25 = 0.081'8:(1)(5); error from Poisson statistics) must
be much higher than that of the quasars, otherwise we would
not be able to identify any NIRCam-dark galaxies with AS-
PIRE.

We explore the possible halo occupation models of
NIRCam-dark galaxies in Figure 4 (left panel). The first
model, dubbed “heavy model”, assumes that NIRCam-dark
galaxies share the same halo characteristics (M, and o,,,
Equation 1) but with much larger Py, and thus higher oc-
currence rate. We note that the large halo mass of a quasar
also implies a virial radius Rsg9 ~ 50 proper kpc, large
enough to encompass the observed NIRCam-dark compan-
ions. We simulate the My,), mass distribution of quasars
from the aforementioned quasar host HMF, apply P(Myai0)
and match the observed NIRCam-dark occurrence rate as
observed by ASPIRE. We obtain P, = O.37f8:§g from
this heavy model, suggesting a high occupation fraction of
NIRCam-dark galaxies in the most massive halos at this
epoch. According to this model, the predicted number den-
sity of NIRCam-dark galaxies is n = Sféo x 1079 Mpc™?,
about 20x of that of UV-bright quasars but still much lower
than that of z 2 4 massive quiescent galaxies or z > 10 blue
monsters (Figure 4, right panel).

We also test an alternative model, dubbed “light model”,
in which the occupation fraction of NIRCam-dark galax-
ies is constant above certain M, .1, threshold. Based on
TNG100, we find that most of the z ~ 6.5 halos that host
galaxies at SFR > 50 M, yr~! have a “cutoff” halo masses
at log(Myaio/Mg) > 11.4, and thus we adopt the thresh-
old. The halo occupation fraction is therefore the observed
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Figure 4. The number density constraint of NIRCam-dark galaxies. Left: The host halo mass function models of NIRCam-dark starburst
galaxies at z = 6.6. We consider two models for their host mass distribution, including a light model (dashed orange line) and a heavy model
(dashed-dotted purple line; Section 4.2). These two models predict completely different number densities of NIRCam-dark galaxies, while both
of them match the existing observations. For comparison we show the quasar host HMF (red) and overall HMF (black) at the same redshift.
Right: Comparison of the number densities with massive quiescent galaxies at z ~ 4 (A. C. Carnall et al. 2023b; F. Valentino et al. 2023; A. S.
Long et al. 2024b; W. M. Baker et al. 2025), (U)LIRGs at z ~ 7 (L. Barrufet et al. 2023; S. Fujimoto et al. 2024, see Section 4.2 for details)
and “blue monsters” at z > 10 (C. T. Donnan et al. 2024; S. L. Finkelstein et al. 2024; Y. Harikane et al. 2025; L. Whitler et al. 2025, computed
from their measured UVLFs in the brightest bins, typically at Myy ~ —21mag). The derived number densities of NIRCam-dark galaxies
based on the light and heavy halo occupation model are shown as orange and purple diamonds, respectively.

NIRCam-dark occurrence rate (0.087952). Atabove the halo

mass threshold, the expected number density of NIRCam-
dark galaxy is n = ng x 1076 Mpc 3. Under such a light
model, the number density of NIRCam-dark galaxies will be
about 301“38% of those of z 2 4 massive quiescent galaxies
and z > 10 blue monsters (Figure 4, right panel).

We conclude that the number density of NIRCam-dark
galaxies at z ~ 7 remains highly unconstrained: it may be
as low as n ~ 10781 Mpc ™2, but could also be as high as
~ 107%5Mpc 3. From an abundance-matching perspec-
tive, this implies that a substantial fraction of the progenitors
of massive quiescent galaxies at z = 4, as well as the de-
scendants of z > 10 blue monsters, could be NIRCam-dark
at z ~ 7. This hypothesis will need to be tested through
both observations and simulations, including studies of dust
production and obscuration mechanisms.

We also emphasize that our models assume independent
halo occupations for quasars and NIRCam-dark galaxies.
If the two populations are correlated or anti-correlated, the
number density estimates could be even more uncertain. We
argue that the large Mgyst, high A, and high Myyst/Mstar
of NIRCam-dark galaxies imply efficient dust production
over extended period (e.g., ~ 300Myr; Y. Tamura et al.
2019)-significantly longer than both the Salpeter timescale
of quasar and the major merger timescale predicted by cos-
mological simulations, which are ~50Myr at this epoch
(e.g., G. F. Snyder et al. 2017). Therefore, while interac-
tions between quasar host galaxies and NIRCam-dark galax-

ies may occur in the present or upcoming epoch, their halo
occupations can still be treated as independent.

We also note that, according to the IRLF at z ~ 7
from S. Fujimoto et al. (2024), the integrated number den-
sity of 2 ~ 7 DSFGs with SFR~ 50-500 Mg yr—! is
n ~ 2 x 1075 Mpc~>. This exceeds the number density
of n ~ 5 x 1078 Mpc 2 derived from the z ~ 7 IRLF of
L. Barrufet et al. (2023) over the same SFR range, which is
based on REBELS-ALMA observations of the Lig of UV-
luminous galaxies and the UVLF as a proxy. Although cau-
tion should be taken given the substantial uncertainties in the
IRLFs at z > 7, if NIRCam-dark galaxies follow a “light
model” of halo occupation, they may represent a substantial
fraction (likely 2> 30%) of the (U)LIRG population and the
obscured cosmic star formation rate density at z ~ 7. These
galaxies are likely to be missed in most blank-field surveys
due to their rarity and faintness in the near-IR. Indeed, the
NIRCam-dark fraction of quasar companion DSFGs detected
by ASPIRE-ALMA is 2/6 =33%, consistent with the fraction
inferred above.

Finally, we note that NIRCam-dark galaxies at z ~ 6 — 7
may reside above the detection limit of wide ALMA surveys
like GOODS-ALMA 2.0 (C. Gémez-Guijarro et al. 2022,
~72 arcmin? down to S7 1mm ~ 0.34 ml]y), but the expected
number of detections is only NV ~ 0.5 (and N ~ 1.5 for gen-
eral DSFGs with SFR ~ 50 — 500 Mg, yr~1). Therefore, a
non-detection so far is fully consistent with the cosmic shot
noise.
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Figure 5. The best-fit SED model of J0305m3150.C05 but redshifted to z = 8 and scaled to a SFR of 60 Mg, yr~! (solid black lines). Left:
the near-to-mid-infrared SED compared with the 50 detection limits of representative JWST NIRCam and MIRI imaging surveys, including
JADES-medium at 1-5 ym (indigo; D. J. Eisenstein et al. 2023; F. D’Eugenio et al. 2025), SMILES at 5-25 um (coral; G. H. Rieke et al.
2024; S. Alberts et al. 2024) and MEGA at 7-21 um (purple; B. E. Backhaus et al. 2025). The gray-edged diamonds denote the brightnesses
of the SED template in the corresponding JWST bands. Right: the far-infrared SED compared with the 50 detection limits of Herschel/PACS
at 70-160 um (from the PEP survey; D. Lutz et al. 2011), the planned PRIMA/PRIMAger at 47-235 pum (including realistic confusion noise;
J. M. S. Donnellan et al. 2024), JCMT/SCUBA-2 at 450 and 850 um (e.g., C.-F. Lim et al. 2020), the GOODS-ALMA v2.0 survey at 1.1 mm
(C. Gémez-Guijarro et al. 2022), the N2CLS survey in the GOODS-N field at 2 um (L. Bing et al. 2023). Such a predicted “JWST-dark” galaxy
at z = 8, if it exists, will remain undetected with all aforementioned surveys or planned facilities.

4.3. Multi-wavelength detectability

We further investigate the multi-wavelength detectability
of NIRCam-dark galaxies in wide-area infrared and millime-
ter surveys, to assess whether NIRCam-dark galaxies are in-
deed a population missed by most of the high-redshift galaxy
surveys obtained so far. The NIRCam imaging depth of the
ASPIRE survey is slightly shallower than the average depth
of CEERS (S. L. Finkelstein et al. 2025), but is deeper than
wider surveys like COSMOS-Web (C. M. Casey et al. 2023)
and COSMOS-3D (JWST-GO-5893, PI: Kakiichi, K.; cf. X.
Lin et al. 2025). At z 6.6, the F356W brightness of
J1526m2050.C02 (and likely JO305m3150.C05) can be de-
tected by surveys like JADES-medium (D. J. Eisenstein et al.
2023; F. D’Eugenio et al. 2025, > 125arcmin?) down to
~ 29 AB mag with aperture size of r = (/4 (50).

Indeed, a NIRCam-dark MIRI-only source was reported
by P. G. Pérez-Gonzdlez et al. (2024) in the HUDF, and
two heavily reddened NIRCam-faint MIRI sources at pho-
tometric redshifts = ~ 8 have also been reported by H. B.
Akins et al. (2023) in the COSMOS field. We note that
these MIRI sources are rather compact, making them resem-
bling reddened AGNs instead of DSFGs (similar to Virgil at
z = 6.6, P. Rinaldi et al. 2025 and other HST-dark MIRI
sources at z > 6 in C. C. Williams et al. 2024). NIRCam-
dark ALMA-only sources have also been reported by S. Fu-
jimoto et al. (2023) through a deep 1.2-mm survey in the
Abell 2744 lensing cluster field and T. J. L. C. Bakx et al.

(2024) as [C 1] emitters in quasar fields (B. P. Venemans
et al. 2020). However, we caution the relatively low S/N of
these sources (< 5 for continuum and < 6 for emission-line
scan within the ALMA spectral cubes). Further deeper imag-
ing and spectroscopic confirmation are necessary to confirm
the fidelity, redshifts and nature of these sources. We also
remark that SPT0311-58, a extraordinarily luminous lensed
DSFG at z = 6.90 (M. L. Strandet et al. 2017) can be classi-
fied as a NIRCam-dark galaxy according to the MIRI 10-um
detection (J. Alvarez-Marquez et al. 2023) but non-detection
at < bum with NIRSpec (S. Arribas et al. 2024), although
the contamination from the foreground lens may complicate
the interpretation.

At higher redshifts, the IR detectability of NIRCam-dark
galaxies (and DSFGs in general) may rapidly decrease be-
cause of the surface brightness dimming and K correction.
Figure 5 shows the SED model of J0305m3150.C05 but red-
shifted to z = 8, scaled to a SFR of 60 M, yr—!. The exis-
tence of galaxies with such SFR at z ~ 8 is expected from
the SFH of massive quiescent galaxies at z = 4, while most
of the galaxies at z 2 8 are observed at Myy < —22mag
(one of the brightest is EGSz8p7 at z=8.68; A. Zitrin et al.
2015; S. L. Finkelstein et al. 2024; Y. Harikane et al. 2024),
corresponding to unobscured SFR < 30 M, yr~!. In other
words, dust-obscured star-forming galaxies at z > 8 are
clearly missing from the current JWST observations (or at
least spectroscopic confirmation); one example of such a
galaxy is MACS0416_Y1 at z = 8.31 where the majority
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of the SFR is dust-obscured (Y. Tamura et al. 2019). We also
note that MACS0416_Y1 likely resides in a complex galaxy
overdensity (and thus massive halo) at z ~ 8.3 — 8.5 in and
around the MACS0416 cluster field (Z. Ma et al. 2024; Y.
Fudamoto et al. 2025).

We compare with the detection limits of multiple surveys
at the JWST wavelengths and also far-infrared to millimeter
wavelengths. At NIRCam wavelengths, the z = 8 galaxy
template will fall below the 50 detection limit of wide sur-
veys like JADES-medium (assuming r = 074 aperture),
not to mention shallower surveys like CEERS (S. L. Finkel-
stein et al. 2025), PRIMER (JWST-GO-1837, PI: J. Dunlop)
and COSMOS-web (C. M. Casey et al. 2023). At MIRI
wavelengths, the galaxy will fall below the 50 detection
limit of wide surveys like SMILES (S. Alberts et al. 2024;
G. H. Rieke et al. 2024) and MEGA (B. E. Backhaus et al.
2025), which is also the case for other wide surveys including
PRIMER, COSMOS-Web and MEOW (JWST-GO-5407; PI:
G. Leung). In these existing wide-area surveys, these galax-
ies will even appear “JWST-dark™.

In the far-IR, by considering realistic confusion noise
limit, such a “JWST-dark™ galaxy at = = 8 will fall be-
low the detection limit of Herschel/PACS and SPIRE at
70-500 pm (e.g., H. T. Nguyen et al. 2010; D. Lutz et al.
2011), JCMT/SCUBA-2 at 450 and 850 um (e.g., C.-F. Lim
et al. 2020) and even the planned PRIMA/PRIMAger at 47—
235pum (C. T. Donnan et al. 2024). It will also fall be-
low the confusion limit of single-dish millimeter facilities
like IRAM30m/NIKA?2 at 1.2 and 2mm (e.g., L. Bing et al.
2023), and also wide-field ALMA Band-6 continuum surveys
like GOODS-ALMA v2.0 (~72 arcmin?; C. Go6mez-Guijarro
et al. 2022), not to mention shallower surveys like (Ex)-
MORA (C. M. Casey et al. 2021; A. S. Long et al. 2024a)
and Cycle-10 large program CHAMPS (2023.1.00180.L; PI:
A. Faisst). Therefore, we conclude that current wide-area ex-
tragalactic surveys are generally insensitive to “JWST-dark”
galaxies at z ~ 8.

If “JWST-dark” galaxies do exist at such an early epoch,
how could we detect and confirm these galaxies? In fact,
from Figure 5, it is evident that the galaxy brightness is
not far from the current detection limits in certain bands,
specifically NIRCam F444W, MIRI F1000W~F1500W and
ALMA Band-6/7. With a few hours of JWST integration and
probably less than an hour of ALMA integration (especially
with the upcoming wideband sensitivity upgrade; J. Carpen-
ter et al. 2023), these “JWST-dark” galaxies can be detected
and studied with JWST and ALMA. We argue that the key
is to locate the targets prior to the MIRI and ALMA follow-
up observations with relatively small FoVs. This requires the
selection of massive dark matter halos at z ~ 8 in the first
place (similar to the ASPIRE approach), possibly through
wide-field NIRCam photometry and slitless spectroscopy of
emission-line galaxies at z 2 8 as protocluster tracers (e.g.,
J. M. Helton et al. 2024; Z. Ma et al. 2024; Y. Fudamoto et al.
2025; Q. Li et al. 2025).

Through the JWST Cycle-3 large NIRCam WFSS cam-
paigns like SAPPHIRES (F. Sun et al. 2025b), NEXUS (Y.

Shen et al. 2024), COSMOS-3D, and POPPIES (JWST-GO-
5398, PI. Kartaltepe, J. & Rafelski, M.), more protoclus-
ter candidates will be selected at z 2 8. The pure-parallel
NIRCam WESS programs (e.g., SAPPHIRES and POPPIES)
are particularly important because they could overcome the
strong cosmic variance through multiple independent sight-
lines (see F. Sun et al. 2025b). Combined with pointed NIR-
Cam WFSS observations of massive galaxies (e.g., JWST-
GO-6480, PI: Schouws, S.), these surveys will further un-
veil the existence of NIRCam-dark or even JWST-dark galax-
ies, measuring their clustering properties and halo occupation
fraction (e.g., differentiating the light versus heavy model in
Section 4.2), and thus providing key insights into the evolu-
tion history of massive galaxies and the dust-obscured cos-
mic star-formation history deeply into the EoR.

5. SUMMARY

We present a study of two NIRCam-dark dusty star-
forming galaxies at z = 6.6. These two galaxies are iden-
tified as companions to quasars through the ASPIRE JWST
and ALMA survey, which targeted 25 UV-luminous quasars
and their environments at z ~ 6.5 — 6.8. The main results
are summarized as follows:

1. We securely detect (> 8c0) the dust contin-
uum emissions of the two galaxies through mul-
tiple ALMA bands, and the redshifts are con-
firmed through [C II] line spectroscopy, placing them
as quasar companions at z = 6.6. In con-
trast to the vast majority of DSFGs found through
ALMA surveys in blank fields, these two sources
are extraordinarily faint at the NIRCam wave-
lengths (F356W > 28.0 mag for J0305m3150.C05 and
26.540.1 mag for J1526m2050.C02). We refer to them
as NIRCam-dark galaxies because of their near-IR
faintness (55.6 ym/S1.2mm < 10~9).

2. We obtain physical SED modeling of the two
NIRCam-dark galaxies. These galaxies are undergo-
ing starbursts (SFR ~ 80—250 M, yr—!), appear more
obscured than Arp220 (whole galaxy) and optically
faint DSFGs at z ~ 3 selected through the ALESS
survey (E. da Cunha et al. 2015). The stellar masses
are poorly constrained (log(Mstar /M) ~ 10.0—10.5
with an error of 0.5 dex) because of the near-IR faint-
ness.

3. Given the mass, SFR and redshifts, we show that the
NIRCam-dark galaxies are viable progenitors of mas-
sive quiescent galaxies at z = 4 according to their
star formation histories. They could also be the de-
scendants of certain UV-luminous galaxies at z > 10
(“blue monsters”), bridging the two populations of
massive galaxies before and after the epoch of reion-
ization through an evolutionary perspective.

4. We show that the number density of NIRCam-dark
galaxies is highly unconstrained from biased surveys
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like ASPIRE (n ~ 10781 ~ 1075 Mpc~2). How-
ever, based on a light halo occupation model that could
match the ASPIRE observations, the number density
of NIRCam-dark galaxies at z ~ 6.6 could reach
n = 375 x 107 Mpc™>. If true, this will equal to
~ 30% of the number density of massive quiescent
galaxies at z 2 4 and blue monsters at z > 10, sug-
gesting a substantial contribution to the dust-obscured
cosmic star-formation rate density at z ~ 7 through
the “NIRCam-dark” population.

5. From the SFH of massive quiescent galaxies at z 2 4,
galaxies with similar SFR should also exist at z ~
8. If a substantial fraction of them share a similar
SED to that of J0305m3150.C05, these galaxies will
reside below the detection limits of most wide-area
JWST, ALMA and other single-dish (sub)-millimeter
surveys obtained so far, and thus remaining “JWST-
dark”. To study these “JWST-dark™ galaxies, large-
area JWST/NIRCam imaging and WFSS surveys of
early galaxy protoclusters (z 2 8) are essential. Deep
JWST and ALMA follow-up observations of these
protoclusters will likely detect such galaxies, offering
deep insight to the dust-obscured cosmic star forma-
tion in the Epoch of Reionization.
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