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JWST: beslleneBble cnekTpbl Ha
nrnowaake GOODS

Here, we exploit the unprecedented imaging and spectro-
scopic data provided by the JWST FRESCO NIRCam/grism
survey>?. Unlike slit spectroscopy, which can only target
pre-selected sources, grism spectroscopy can effectively pro-
vide a complete sample of emission line galaxies, with the
FRESCO survey reaching down to ~ 2 x 10" ¥ergs 'em ™2
(50 depth) over a continuous region of 2 X 62 arcmin?® in the
GOODS-South and North fields*. This unique advantage of
grism spectroscopy can help to explore missed galaxy pop-
ulations, e.g., optically dark galaxies. With the deep 4-5um
grism spectra in the F444W filter, we probe Ha+[NII| emis-
sion lines at z = 4.86 — 6.69 and [OII[]114960, S008+Hg at
z = 6.69 = 9.08. The FRESCO survey also provides high-
resolution NIRCam images (FI182M, F210M, and F444W:;
typical 5o depth of ~28.2 mag), that complement ancillary
data from both HST** and now also JWST/JADES®.

tant, but also the highly dusty and hidden Universe. Based
on the deep JWST observations, we find that the three galax-
ies have extremely red properties (FI82M — F444W > 3.5
mag; Fig. 1, Extended Data Fig. 1), due to their significant
dust attenuation (Ay > 3 mag). Self-consistently, we find
that they also have highly dust-obscured star formation rates
(SFRr ), which are obtained from far-infrared SED fits with
CIGALE, specifically 625 + 31M¢ yr~' for S1, 1030712 Mg
yr~! for S2, and 1137 + 31 Mg yr~! for S3 (see Methods).
This indicates that they are in the process of very efficient
stellar mass build-up. We find no signs of a significant con-
tribution to the rest-frame optical light by an AGN based on
our investigation of the emission lines, source morphology,
and multi-wavelength data. Therefore, we conclude that the
ultra-massive nature of these three galaxies is reliable.
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Extended Data

Extended Data Table 1: Physical properties of the whole sample of optically dark/faint galaxies in FRESCO-S&N fields at zqpec 2 5.
(1)IDs; (2) Source ID in FRESCO; (3)(4) Right ascension and declination (J2000) of sources from JWST; (5) S pectroscopic redshift identified
from Ha (zspec = 4.86 - 6.69) or [OIIL] (zspec = 6.69 - 9.08) emission lines. For sources with only one emission line detected at > 8¢
(flagged with a “*” exponent), their zspec must be within the 16-84th percentile uncertainties of the Zphot’ (6) signal-to-noise ratio (S/N)
of Ha or [OI] line: (7)(8)(9) M. SFR, and Ay derived from UV-to-NIR SED fitting at a fixed zspec assuming a constant SFH and a
Chabrier IMF28: (10) AGN candidates, showing broad Ha emission lines (0pwin, Ha broad > 1000 km s~ 1) with a “little red dot (LRD)"”
morphology' 1. (11) Source IDs in ather work.
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Figure 1: Images and Spectra of the three optically dark, ultra-massive galaxies from the JWST FRESCO survey. From left to right:
4" x 4" stamps obtained in JWST/NIRCam filters ( 1.82um, 2.10um, and 4.44um), RGB images (F182M in blue, F210M in green. and

F444W in red), Her line map, and 1D spectra (covering Her, [NII], and [SIT] emission lines) obtained from NIRCam/grism observations
with the F444W filter. The black arrow in the lower-right corner of He line map shows the dispersion direction of the F444W grism.
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Figure 2: Stellar masses of the three ultra-massive and optically dark galaxies (red-filled large circles) compared to model expec-
tations. The red-filled circles show our whole parent sample of 36 spectroscopically-confirmed optically dark/faint galaxies at zgpec > 5.
Unlike some massive sources reported in the literature® that have only Zphot (grey points), our galaxies from the JWST FRESCO survey
have zgpec. as well as line-corrected photometry, and thus more robust M,. The grey-shaded region indicates the stellar mass prohibited
by the standard ACDM cosmology ", which is calculated from the maximum halo mass (Mr’:;l“gj that can be observed in the FRESCO
survey volume, based on MJ = e f, MPS", with a cosmic baryon fraction fi, = €y, /Qm = 0.158, and the maximum theoretical efficiency
of converting baryons into stars, e = 1. The grey dashed line indicates the maximum efficiency of ey ops ~ 0.2 from empirical modeling
methods based on observational data at lower redshift*'=**. The three most massive galaxies in our sample require significantly higher
star-formation efficiencies of € ~ (0.5 on average.
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Figure 3: The ultra-massive sources S1, S2 and S3 with log(M, /M) > 11.0at z = 5 - 6. Left: Cumulative comoving number density of
dark matter halos as a function of halo mass at different redshifts. We show the halo mass of §1. 52, and §3 assuming a maximum observed
efficiency of eqax obs = 0.2. The observed number density derived from the FRESCO survey is shown as red points. The theoretical number
density of S1, 82, and S3 in the same halo mass from the standard ACDM cosmology (black points) is ~1,100 times. 50 times, and 10
times lower than the observations, respectively. Right: The most extreme source S1 with log(Mx/Mg) = 11371 at z = 5.58 exhibits
an extended dust disk. We show the ALMA 1.1 mm dust contours overlaid on the JWST RGB image. The 1.1 mm image (4" x 4") is
shown in the top right corner, and the beam size (00’447 x 07'418) is displayed in the lower left corner. The dust is clearly much more
extended (half-light radius R. = 2.88 + (.91 kpc) compared to the stellar distribution from JWST. It also shows a 6 clump at 1.1mm in the
off-nuclear region, which, surprisingly. is undetected even in the deep, long wavelength JWST data.
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Extended Data Table 3: Structural parameters of S1, S2, and S3. Half light radii (R ), sérsic indices (n), and minor over major axis
ratios (q) in the F444W direct image and the grism image. Though much of the structure observed in the grism image is due to the Hy
morphology, some may also be contributed by the kinematic structure and the [NII] line. The spatially extended structures and similarity

of the morphologies between the grism and direct images for each object suggest that the light of these objects is not dominated by AGN.

direct image Hao

S.No. R. (kpe) n q R, (kpc) n q

ST 0.76+0.01 1.57+0.03 0.54+0.01 0.89+0.08 0.20+0.19 0.72+0.08
S2  2.57+0.25 1.18+0.14 0.64+0.04 1.92+0.46 1.55+0.43 0.77+0.13
S3  2.22+0.09 2.31+0.09 0.42+0.01 2.10+0.09 0.20+0.11 0.18+0.02
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Extended Data Figure 2: Locations of optically dark/faint galaxies compared to the SFMS in the SFR- M, plane. The extrapolated
Schreiber SEMS?? at z = 5.5, 1o scatter (0.5 < AMS < 2, ie., ~0.3 dex), and +3 x AMS region (0.33 < AMS < 3, ie, ~ 0.5 dex) are
highlighted with a grey line, a dark grey shaded area. and a light grey shaded area, respectively. AMS > 3 is commonly used to separate MS
and SB galaxies. We also plot the Popesso SEMS®* at z = 5.5 with a dashed line.



