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ABSTRACT

We study a new population of extremely red objects (EROs) recently discovered by JWST based

on their NIRCam colors F277W−F444W > 1.5 mag. We find 37 EROs in the CEERS field with

F444W < 28 mag and photometric redshifts between 5 < z < 7, with median z = 6.9+1.0
−1.6. Sur-

prisingly, despite their red long-wavelength colors, these EROs have blue short-wavelength colors

(F150W−F200W∼0 mag) indicative of bimodal SEDs with a red, steep slope in the rest-frame optical,

and a blue, flat slope in the rest-frame UV. Moreover, all these EROs are unresolved, point-like sources

in all NIRCam bands. We analyze the spectral energy distributions of 8 of them with MIRI and NIR-

Spec observations using stellar population models and AGN templates. We find that a dusty galaxy or
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an obscured AGN provide similarly good SED fits but different stellar properties: massive and dusty,

logM⋆/M⊙∼10 and AV ≳ 3 mag, or low mass and obscuration, logM⋆/M⊙∼7.5 and AV ∼ 0 mag,

hosting an obscured QSO. SED modeling does not favor either scenario, but their unresolved sizes are

more suggestive of an AGN. If any EROs are confirmed to have logM⋆/M⊙≳ 10.5, it would increase

pre-JWST number densities at z > 7 by up to a factor ∼60. Similarly, if they are OSOs with lumi-

nosities in the Lbol > 1046−47 erg s−1 range, their number would exceed that of bright blue QSOs by

more than two orders of magnitude. Additional photometry at mid-IR wavelengths will reveal the true

nature of the red continuum emission in these EROs and will place this puzzling population in the

right context of galaxy evolution.

Keywords: galaxies: spectroscopy — galaxies: high-redshift

1. INTRODUCTION

The extraordinary capabilities of the James Webb

Space Telescope (JWST) provide the opportunity to

completely transform our understanding of the high red-

shift Universe. The enhanced photometric sensitivity

and spatial resolution at mid-infrared wavelengths rel-

ative to the Hubble Space Telescope (HST) or Spitzer

have enabled, in the first few months of operations, a

number of studies that have pushed the limits of the

youngest and most distant galaxies detected in the epoch

of reionization (e.g., Castellano et al. 2022; Naidu et al.

2022; Adams et al. 2023; Whitler et al. 2023; Finkelstein

et al. 2022; Pérez-González et al. 2023a,b) as well as ex-

panded our identification of more massive galaxies up

to z ∼ 6 and beyond (e.g., Tacchella et al. 2022; Labbé

et al. 2023; Nelson et al. 2022, Endsley et al. 2022). In

the process, these papers have started to reveal the na-

ture of the most massive galaxies that were previously

undetected by HST (HST-dark) and detected only by

Spitzer/IRAC, longer radio, and sub-mm wavelengths

(Barrufet et al. 2022; Zavala et al. 2023; Pérez-González

et al. 2023a; Rodighiero et al. 2023; Gómez-Guijarro

et al. 2023) or not at all.

However, as we work our way towards a more complete

census of the high-redshift Universe, there is a concern

that some of these early estimates of the number den-

sity of galaxies or their (large) stellar masses could be

in tension with model predictions (e.g. Mason et al.

2023; Ferrara et al. 2022; Boylan-Kolchin 2022). A po-

tential caveat for these photometric studies is that as

we probe galaxies in the first 1 Gyr of the lifetime of

the Universe we might find a large number of young,

low-mass galaxies with extreme emission lines and po-

tentially large equivalent widths (EW) of more than

EW= 100 − 1000Å, as suggested by early studies of

faint z = 5− 7 galaxies with Spitzer/IRAC (e.g., Egami

∗ NASA Postdoctoral Fellow

et al. 2005; Eyles et al. 2007; Stark et al. 2009; Gonza-

lez et al. 2012; Labbé et al. 2013). Such large EWs can

make the Hβ, [O iii], and Hα line fluxes boost the broad

and medium band photometry in the JWST/NIRCam

filters up to F444W, making them appear very red. The

impact on the colors can affect both the photometric

redshifts (e.g., Arrabal Haro et al. 2023) and the stel-

lar population properties of these young, blue galaxies

introducing a bias toward older ages, more dust obscura-

tion, and significantly larger masses (logM⋆/M⊙> 10).

Recent JWST-based papers have reported that emis-

sion lines with large EW≳1000 Å contaminating the

NIRCam photometry are indeed a common occurrence

(Endsley et al. 2021, 2022; Matthee et al. 2022; Rinaldi

et al. 2023) which may hamper the identification of true

massive galaxies at z > 5. Another potential concern

with massive galaxy selections based on extremely red

colors is the contamination by obscured active galactic

nuclei (AGN). As shown also in IRAC-based studies, the

red, power-law-like emission of an obscured AGN can

also lead to very red optical to IR colors, which have

been widely used to identify these galaxies in cosmo-

logical surveys (e.g., Alonso-Herrero et al. 2004; Stern

et al. 2005; Lacy et al. 2007; Donley et al. 2008, 2012).

While the incidence of emission line or AGN contamina-

tion in color-selected samples at low-to-mid redshifts is

only minor, the impact on JWST-based surveys is still

unclear.

A way forward to overcome the degeneracy in the ori-

gin of colors in red galaxies (high EW emission lines

vs. stellar or AGN continuum) is to obtain photome-

try in multiple bands and extend the coverage to longer

wavelengths. Clear detections at wavelengths that are

not severely affected by strong emission lines would be

a clear confirmation of continuum emission. Likewise,

long wavelength detections probing the rest-frame near

IR of the galaxies can help distinguish between the

power-law AGN emission and the stellar 1.6 µm bump

(Sawicki 2002; Donley et al. 2007). Observations with
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JWST/MIRI at λ > 5µm help break both of these de-

generacies. Similarly, JWST/NIRSpec can provide pre-

cise redshifts for these galaxies and help calibrate the

impact of the emission lines in photometric observations.

In this paper, we use the first and second epochs of

data from the Cosmic Evolution Early Release Science

Survey (Finkelstein et al. 2017) to identify candidates

for massive dusty galaxies at z > 5 with very red colors

in the long-wavelength NIRCam filters. Then, we focus

on a subset of those galaxies with MIRI and NIRSpec

observations to place better constraints on their red-

shifts and their emission at longer wavelengths, and we

perform a detailed analysis of different spectral energy

distribution (SED) modeling scenarios to determine the

likelihood that they are blue high EW galaxies, dusty

massive galaxies, or obscured AGN and the implications

for the stellar masses and number densities of the sample

in each case.

The paper is structured as follows. In §2, we describe

the data reduction of the multi-band NIRCam and MIRI

imaging and the NIRSpec spectroscopy. We also de-

scribe the photometric measurement, catalog creation,

and preliminary estimates of the photometric redshift

and stellar properties for the whole CEERS region. In

§3 and §4, we perform the ERO color selection and we

describe the colors, SEDs, photometric redshift and stel-

lar masses of the sample selected that way. In §5, we
perform a detailed SED modeling of a subset of 8 EROs

observed with MIRI and NIRSpec using a variety of SED

models aimed at testing the dusty galaxy vs. obscured

AGN scenarios and their implications on the stellar pop-

ulation properties. In §6, we discuss the likelihood of the

different modeling scenarios based on the general prop-

erties of the EROs as well as their best-fit SEDs. Lastly,

We summarize our results and discuss future prospects

in §7.
Throughout this paper, we assume a cosmology with

H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

Quoted uncertainties are at the 1σ (68%) confidence

level. All magnitudes are in AB units (Oke & Gunn

1983).

2. DATA

This paper is based on observations from the Cos-

mic Evolution Early Release Science Survey (CEERS),

an early release science program (Finkelstein et al.

2017) which covers approximately 100 arcmin2 of the

Extended Groth Strip (EGS) with imaging and spec-

troscopy using coordinated, overlapping parallel obser-

vations by multiple JWST instruments. Here we use the

data acquired in June and December of 2022 which com-

prises 10 NIRCam pointings in 7 filters: 3 at short wave-

lengths (SW) F115W, F150W, F200W, and 4 at long

wavelengths (LW) F277W, F356W, F410M, and F444W

and 8 MIRI pointings in 7 filters, F560W, F770W,

F1000W, F1280W, F1500W, F1800W, F2100W. Due to

the nature of the CEERS parallel observations, some

of the MIRI pointings are only observed either in the

short (F560W, F770W) or long (F1000W to F2100W)

wavelength filters and only 6 of them overlap with the

NIRCam imaging. The names of these pointings in the

APT observing file are 3, 6, 7 and 9, observed in F560W

and F770W, and 5 and 8, observed at longer wavelengths

only. In addition to NIRCam imaging, pointing 3, 6 and

7 overlap with the NIRCam WFSS grism observations

and two of the NIRSpec pointings named 9 and 10 in

the APT file.

The NIRCam and MIRI data were calibrated us-

ing version 1.7.2 of the JWST Calibration Pipeline,

reference files in pmap version 0214 (which includes

detector-to-detector matched, improved absolute photo-

metric calibration), with some additional modifications

described in more detail in Finkelstein et al. (2022) and

Bagley et al. (2023) for NIRCam and Papovich et al.

(2022) and Yang et al. (in prep) for MIRI. The reduced

images are registered to the same World Coordinate Sys-

tem reference frame (based on Gaia DR1.2; Gaia Collab-

oration et al. 2016) and coadded into single mosaics with

pixel scales of 0.′′03/pixel and 0.′′09/pixel for NIRCam

and MIRI, respectively.

The CEERS NIRSpec observations (Arrabal Haro in

prep.) were processed using version 1.8.5 of the JWST

Science Calibration Pipeline, with the Calibration Ref-

erence Data System (CRDS) mapping 1027 following

similar procedures as in Fujimoto et al. (2023) and Ko-

cevski et al. (2023). Briefly, we correct for the detector

1/f noise, subtract the dark current and bias, and gen-

erate count-rate maps starting from the uncalibrated
images. We apply a few additional custom steps to

improve the treatment of the cosmic ray “snowballs”.

The resulting maps are processed with stage two of the

pipeline to generate reduced two-dimensional (2D) spec-

tra with a rectified trace and flat slope. Custom extrac-

tion apertures are determined visually by inspecting the

images for high signal-to-noise ratio continuum or emis-

sion lines. Lastly, we extract the 1D spectra boxcar

apertures centered on the visually identified trace.

2.1. Source extraction and photometry

The source extraction and multi-band photometric

measurement were performed following the same meth-

ods as for the first epoch data described in detail in

Finkelstein et al. (2022). Briefly, photometry was com-

puted on PSF-matched images using SExtractor (Bertin
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& Arnouts 1996) v2.25.0 in two-image mode, with

an inverse-variance weighted combination of the PSF-

matched F277W and F356W images as the detection

image. Photometry was measured in all seven of the

NIRCam bands observed by CEERS, as well as the

F606W, F814W, F105W, F125W, F140W, and F160W

HST bands using data obtained by the CANDELS and

3D-HST surveys (Grogin et al. 2011; Koekemoer et al.

2011; Brammer et al. 2011).

2.2. Circular aperture photometry

We recompute the photometry of the subsample of ob-

jects studied in § 5 using smaller circular apertures to

improve the precision in the photometric errors and to

avoid potential photometric contamination by nearby

sources or background subtraction problems. Given

that the nature of our galaxies is very homogeneous,

all sources analyzed in this paper are barely resolved

or unresolved (see §4), photometric apertures with 0.4′′

diameter were the most adequate to obtain the most

precise and reliable SEDs. Photometry was measured

in original and PSF-matched images, and after applying

aperture corrections for point-like sources for the for-

mer, we arrived at consistent colors within at least half

the value of the photometric corrections.

2.3. Photometric redshifts and stellar population

properties

We estimate photometric redshifts for the whole par-

ent catalog by fitting the multi-band SEDs using the

code EAZYpy (Brammer et al. 2008). The code fits non-

negative linear combinations of templates to the ob-

served data to derive probability distribution functions

(PDFs). Here we use the default template set “tweak

fsps QSF 12 v3” which consists of a set of 12 templates

derived from the stellar population synthesis code FSPS

(Conroy et al. 2010). As a result, in addition to the

photometric redshift the code also provides an estimate

of the stellar mass as well as the dust attenuation. In

addition, we also estimate stellar population properties

by fitting the optical and NIR SEDs using FAST (Kriek

et al. 2009), assuming Bruzual & Charlot (2003) stel-

lar population synthesis models, following a Chabrier

(2003) IMF, a delayed exponential star formation his-

tory, and the Calzetti et al. (2000) dust law with atten-

uation 0 < AV < 4 mag.

3. SAMPLE SELECTION

3.1. ERO color criterion

We identify extremely red galaxies at high redshift us-

ing a single color cut F277W−F444W > 1.5 mag. This

method is similar to the traditional ERO (R−K, e.g.,

McCarthy et al. 2004) or IERO (K−[4.5], e.g., Caputi

2013; Stefanon et al. 2013; Wang et al. 2012) selec-

tion which uses red optical to NIR colors to find mas-

sive, dusty, or quiescent galaxies with strong Balmer or

4000Å breaks at z ≳ 3. With the arrival of JWST,

this technique has been extended to fainter magnitudes

and higher redshifts by using filters at longer wave-

length, for example, F150W−F444W in Barrufet et al.

(2022), or F150W−F356W in Pérez-González et al.

(2023a). Recently, Labbé et al. (2023) used a thresh-

old of F277W−F444W > 1 mag to identify candidates

to massive galaxies at z > 7. Here we use a slightly red-

der color and we drop the additional color constraints

to lower the selection redshift to z ≳ 5. A redder color

threshold can also reduce the contamination by galax-

ies with high EW emission lines (> 1000Å) boosting the

NIR fluxes of blue galaxies with a relatively shallow stel-

lar continuum. For example, Endsley et al. (2022) find

red colors, F277W−F444W≲ 1 and F277W−F356W

≲ 1, in a sample of low mass, Lyman-break galaxy can-

didates at z= 6.5− 8 which were largely driven by high

EW [O iii]/Hβ lines boosting the flux in F444W. Such

strong lines have also been spectroscopically confirmed

by recent NIRCam/WFSS surveys at slightly lower red-

shifts of z>5.3 (Matthee et al. 2022).

The left panel of Figure 1 illustrates the sample se-

lection in a color-magnitude diagram compared to the

overall distribution of galaxies in the CEERS catalog,

color-coded by different properties, and a sub-sample

of F150W EROS (F150W−F444W>2; F444W<25 mag;

red circles). The 13 galaxies from Labbé et al. (2023)

are shown with black squares. All of them except the

4 with color F277W−F444W <1.5 mag are included

in our sample. The color code in the CEERS sample

highlights the trend of increasing NIR colors with ex-

tinction (and similarly with stellar mass and redshift in

the other panels). As discussed above, galaxies redder

than the color threshold (dashed line) are candidates

for massive galaxies with red, dusty, or quiescent SEDs

and possibly some galaxies with high EWs emission

lines. Interestingly, there are some differences between

the sample of F150W EROs and F277W EROs. First,

F277W EROs are fainter, with a median magnitude of

F444W = 25.9+0.8
−1.1 mag, whereas F150W EROs span a

broader range in magnitude starting at F444W≳20 mag

which is consistent with the notion that by selecting

in a redder band, F277W EROs lean more toward

the higher redshift tail of the massive galaxy selection.

Second, F150W EROs are typically selected within a

brighter limiting magnitude to restrict the number of

galaxies in the lower mass end of the selection criteria

logM⋆/M⊙∼10 (e.g., F444W≲ 25− 26; Alcalde Pampl-
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Figure 1. Color-magnitude and color-color diagrams showing the selection threshold for F277W EROs (circles;
F277W−F444W>1.5 mag), relative to the bulk of the CEERS galaxy catalog, color-coded by stellar mass and AV, and a
subset of F150W EROs (F150W−F444W>2 mag). The blue and purple markers indicate the EROs observed with MIRI and
NIRSpec. The black squares show the EROs from Labbé et al. (2023). The left and central panels show the general trends
toward redder colors with increasing mass and dust attenuation (arrows), which suggest that F277W EROs are massive and
dusty galaxies. However, the central panel reveals that F277W EROs have surprisingly blue colors at shorter wavelengths,
F150W−F200W∼ 0 mag, very different from those of F150W EROs and massive dusty galaxies in general. The red square
shows a massive, dusty, sub-mm galaxy at z = 5.1 from Zavala et al. (2023) which is also red in all bands. This implies that
F277W EROs have bimodal SEDs with blue SW colors and red LW colors. The right panel shows the correlation between
photometric redshift and F150W−F277W color for the F277W EROs. As the F277W filter shifts from the steep, rest-frame
optical range to the flat rest-UV range with increasing redshift the color declines to F150W−F277W∼0 mag.

iega et al. 2019; Gómez-Guijarro et al. 2023). However,

using a fainter limiting magnitude increases the overlap

between the two ERO samples, as shown for example

in Pérez-González et al. (2023a). Nevertheless, we find

that, even within a similar magnitude range, the F150W

selection misses some F277W EROs because they have

bluer colors in F150W−F444W=2.2+0.7
−0.5 mag.

The reason for this key difference is highlighted in the

central panel of Figure 1 which shows that all the F277W

EROs are surprisingly blue in F150W−F200W∼0 mag,

which probes the rest-frame UV at z>5. Consequently,

these EROs populate a very different region of the color-

color diagram far from the loci of the F150W EROs, and

all other massive galaxies which typically have red col-

ors, F150W−F200W=0.5 to 1.5 mag. This means that,

unlike the majority of other massive galaxies, which are

red across their whole SEDs, the F277W EROs are blue

in the rest-UV and red in the rest-optical. Such peculiar

colors indicate that these EROs have bimodal blue-red

SEDs (L-shaped or V-shaped in fλ), as noted by Labbé

et al. (2023). The right panel shows that the goal of

the second color threshold (F150W−270W< 0.7 mag) in

the selection method of Labbé et al. (2023) is to remove

galaxies at z < 7 from the sample. The F150W−F270W

color acts as a pseudo redshift because the F277W filter

shifts from the steep optical side of the SED to the flat

UV with increasing redshift. Consequently, the color

quickly declines toward F150W−F270W∼0 for galaxies

at z ≳ 7. For the same reason, the primary selection

in F277W−F444W might start missing galaxies of this

type at z ≳ 9 when the F444W filter starts to shift out

the steep rest-optical range. Lastly, we note that the

selection in F277W−F444W > 1.5 mag is surprisingly

clean as it only identifies these peculiar EROs with bi-

modal, blue-red SEDs with no contamination from typ-

ical EROs (i.e., red across their whole SEDs).

We identify 37 EROs with the color criterion described

above. We visually inspect all the candidates and we

remove some unreliable detections (e.g., hot pixels or

fake objects extracted near bright stars of diffraction

spikes). Their average magnitudes in F444W, F536W,

F277W, and F150W are 25.9+0.8
−1.1, 26.8

+0.9
−1.2, 27.6

+0.9
−1.4, and

28.2+1.0
−1.3 mag, respectively, which is consistent with the

color selection criterion. Their very faint magnitudes

in F150W imply that these objects are all HST/WFC3

drop-outs at the depth of the CANDELS data in the

CEERS region.
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3.2. MIRI detection and NIRSpec spectroscopy of the

EROs

We search for counterparts of the 37 EROs in the

CEERS MIRI and NIRSpec observations. Unfortu-

nately, the MIRI coverage of the CEERS/NIRCam mo-

saic is quite limited (less than ∼8% of the area) and

none of the pointings have simultaneous observations in

the short and long wavelengths bands. Overall, only 4 of

the MIRI pointings in F560W and F770W, and 2 of the

pointings observed in F1000W and onward overlap with

NIRCam coverage. Surprisingly, we find clear detections

for all 4 of the 37 EROs which lie within the MIRI ob-

served area. Three of them are detected in F560W and

F770W with an average magnitude of 25.4+0.3
−0.1 mag and

25.3+0.2
−0.1 mag respectively and 1 of them is weakly but

clearly detected in F1000W at 24.6 mag. While it is

difficult to extrapolate from such a small sample, the

high recovery fraction of observed objects, as well as the

very red, power-law-like slope of the SED in the LW

NIRcam bands, suggests that follow-up observations of

similarly selected EROs in other fields with a more dense

MIRI coverage is likely to yield a significant number of

detections. Given the median magnitude of these ob-

jects F444W=25.9+0.8
−1.1 mag we would expect detections

in F560W and F777W in the 25 to 26 mag range which is

clearly within the 5σ limit for surveys similar to CEERS,

like PRIMER or COSMOS-Web. Note also that above

z > 7, the Hα emission line shifts into the F560W filter

(see Figure 3) which might further enhance the flux and

facilitate the detection.

In addition to the MIRI detections, 4 other EROs have

been observed as part of the CEERS NIRSpec survey.

All of them have clear emission lines that provide a ro-

bust estimate of their redshifts. Two of them have al-

ready been presented and discussed in Fujimoto et al.
(2023) and Kocevski et al. (2023), nircam3-2232 and

nircam3-3210, respectively. The two galaxies at z > 7

exhibit only Hβ and [O iii] detections, while the other

two a z≲6 show Hα as well. The galaxy discussed in

Kocevski et al. (2023), at z = 5.62, is the only one

that has a continuum detection and exhibits a broad-

line Hα emission which confirms that it is an AGN. All

galaxies have relatively low [O iii]/Hβ ratios, however,

as noted Kocevski et al. (2023), the narrow emission-line

ratios are very similar to those of star-forming galaxies

observed at similar redshifts which means that the line-

ratio AGN diagnostic might not be particularly effective

at z ≳ 5.

4. PROPERTIES OF THE EROS

4.1. Photometric redshifts, and stellar masses

The left panel of Figure 2 shows the overall distri-

bution of the F277W EROs in photometric redshift

and stellar mass compared to the bulk of the CEERS

sample (green density map) and the sample of F150W

EROs from Figure 1 (red). Overall, the F277W EROs

are relatively massive and dusty with median values of

logM⋆/M⊙= 10.2+0.5
−0.4 and AV=3.0+1.3

−1.1 mag, similar to

those reported in Labbé et al. (2023) for the z > 7

population. The redshift distribution ranges between

5 < z ≲ 9 with a median of z = 6.9+1.0
−1.7. This indicates

that nearly half the sample is at redshifts 5 < z < 7, as

suggested by Pérez-González et al. (2023a). We remove

a single object at z ≲ 5 for homogeneity, but the color

selection is, overall, very effective at identifying galaxies

at z > 5. As expected from the color selection, the EROs

tend to be among the most massive galaxies at their red-

shift (i.e., relative to the green map). Compared to the

other F150W EROs at lower redshift, the F277W EROs

tend to follow the expected decline in the number of very

massive galaxies, logM⋆/M⊙≳10.5, with redshift. How-

ever, we find a handful of galaxies with large masses,

logM⋆/M⊙≳10.5, even at z > 7 which, if confirmed,

would be hard to reconcile with the observed stellar mass

functions as well as models of galaxy evolution (e.g., see

discussion in Boylan-Kolchin 2022). Not surprisingly,

these galaxies are also among the brightest in F444W

by nearly 1 or 2 magnitudes relative to the median of

the sample. The reliability of the stellar mass estimates

is indeed one of the fundamental questions about these

EROs with unusual SEDs. The values discussed in this

section are computed with FAST based on typical mod-

eling assumptions (see §2.3), which work well for most

galaxies at low to mid redshifts. However, this method

might have limitations for these EROs (e.g., because of

strong emission lines or extreme obscurations). In § 5 we
analyze in detail the impact of using different codes and

modeling assumptions on the inferred stellar masses.

4.2. Sizes and morphologies

The right panel of Figure 2 shows the distribution of

the F277W EROs in the stellar mass vs. size diagram

compared to F150W EROs at z > 3 and the overall

distribution of galaxies in the CANDELS F160W cat-

alog in the overlapping area with CEERS (green den-

sity map). The CANDELS measurements are derived

from Stefanon et al. 2015 and van der Wel et al. 2014.

Sizes are represented by the effective radius, re, of the

Sérsic (Schmidt 1968) profile fit performed with GAL-

FIT v3.0.5 (Peng et al. 2002) in the F356W band. The

code was run on the background-subtracted images with

sizes 2.5 times the Kron radius. The ERR array, which

includes background sky, Poisson, and read noise, was
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Figure 2. Left: Photometric redshift vs. stellar mass diagram for the F277W EROs (circles), the CEERS galaxy sample (green
density map), and the F150W EROs (red). The F277W EROs are relatively massive, logM⋆/M⊙∼10, and dusty, AV ∼3 mag
and they span a redshift range from 5 < z < 9. Overall, F277W EROs are among the most massive galaxies at their redshift,
but less massive than the F150W EROs at lower redshift, following the expected decline in the number of very massive galaxies
with redshift. However, a few of them are much more massive (logM⋆/M⊙≳10.5)m suggesting that there might be limitations
in the fitting of their bimodal SEDs or perhaps that the continuum is not stellar, but AGN-dominated (see discussion in § 5).
Right: Stellar mass vs. F356W effective radius for the same galaxies. The blue and red lines show the mass-size relations for
star-forming and quiescent galaxies from van der Wel et al. (2014). The dashed lines indicate the approximate resolution limit
from the HWHM of the PSF in F356W (FHWM=0.15′′) at z = 5 and z = 9. Remarkably, all the F277W EROs appear to be
unresolved point-like sources in contrast with the typical spread of F150W EROs and other massive galaxies. We find similar
results in the other NIRCam bands suggesting that the EROs are unresolved at all wavelengths. The panels on the right show
the best fit to a PSF in F444W for the 4 galaxies with MIRI detections showing negligible residuals.

used as the input noise map. Empirical PSFs were con-

structed using stars in all CEERS pointings. All galax-

ies in the image cutout within 3 magnitudes of the pri-

mary source were fit simultaneously. All other sources

were masked out during the fitting. The fitting param-

eters were allowed to vary within the following reason-

able bounds: Sérsic index 0.2 ≤ n ≤ 8.0, effective radius

0.3 ≤ re ≤ 400 pixels, axis ratio 0.01 ≤ q ≤ 1, mag-

nitude ±3 mag from the initial value, and position ±3

pixels from the initial value.

Overall, we find that while the F150W EROs tend to

overlap with the bulk of the galaxy sample, scattered

in between the expected mass-size relations for star-

forming and quiescent galaxies (blue and red lines from

van der Wel et al. (2014) at z = 3), all the F277W EROs

are extremely small, systematically under the resolution

limits regardless of their stellar masses. The best-fit

GALFIT re ∼0.009′′(0.3 px) returns in most cases the

absolute lower limit set for the fitting suggesting that

the galaxies are not resolved. The dashed lines indi-

cate the approximate minimum sizes measurable as the

HWHM of the PSF (0.07′′) at z = 5 and z = 9, roughly

re ∼0.3−0.4 kpc. We further explore the size measure-

ments of the EROs in F200W, F277W, and F444W ob-

taining similar results which suggest that they are un-

resolved in all the observed wavelengths. Note that the

EROs are typically very faint (∼27-28 mag) in all the

SW NIRcam bands and, in most cases, they have only

a handful of bright pixels for the fitting. Lastly, we also

fit the profiles of the 8 EROs with MIRI and NIRSpec

detections using point-like PSFs and we find excellent

agreement with negligible residuals (right panel of Fig-

ure 2) indicating that they are indeed unresolved.

4.3. Overall SEDs and possible modeling scenarios

The right panel of Figure 3 shows the stacked SED

of all the EROs normalized to the median of the rela-

tively flat rest-UV continuum traced by F115W, F150W,

and F200W divided into two groups at redshifts below

and above z = 7, purple and red markers respectively.

Both groups exhibit the distinctive, bimodal SED dis-

cussed in § 3, which consists of extremely red colors at

λ > 2 µm, with a relatively constant power-law slope

∼ 3.5 ± 0.5 µJy/µm, and a flat SED at shorter wave-

lengths. The red, power-law-like emission is typically as-

sociated with large amounts of dust attenuation. How-

ever, as discussed in § 3.1, it is also possible that the

flux in some of the LW filters is partially boosted by

strong emission lines, making the colors redder than the

underlying stellar continuum. The right panel of Fig-

ure 3 highlights the location of some of the strongest

lines that can boost the emission in different filters as
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a function of redshift. At 5 < z < 7, the Hα and

[O iii] lines can contaminate the F444W and F356W fil-

ters while F277W probes the continuum redward of the

4000Å break. At z > 7, the same lines shift into F444W

and MIRI/F560W while F356W probes the red contin-

uum. The average, stacked fluxes in F277W and F356W

for the low and high redshift groups are both clearly

above the flat continuum in the rest-UV suggesting that

there is at least some continuum emission redward of

4000Å. Furthermore, it would be difficult to reproduce

a constant power-law slope spanning both the NIRCam

and MIRI bands with relatively normal, low EW∼100Å

emission lines since typically at least one, but proba-

bly several bands, should not be affected by the most

prominent emission lines.

Nonetheless, the very pronounced change in the slope

from the blue to the red spectral region is also difficult

to model in terms of a single stellar continuum. In-

deed, the best-fit templates from EAZY-py at z = 5.5

and z = 7.5 shown in the left panel of Figure 3 are often

composites of two templates with very different stellar

ages, masses, and dust attenuations: on the one hand,

a young, low-mass, low-attenuation galaxy (i.e., a typi-

cal LBG) and, on the other, a more massive and dusty

galaxy. As a consequence, the inferred stellar mass and

extinction of the composite is usually quite large, be-

cause it is dominated by the larger mass-to-light ratio

of the older galaxy.

Recently, other works (e.g., Endsley et al. 2022; Fur-

tak et al. 2022) discussed the possibility that the SEDs

of some of these EROs could be explained partially, or

completely, by very strong, AGN-driven emission lines.

The presence of high EW> 1000Å emission lines can

boost the flux in all the filters since these are not re-

stricted to just the brightest emission lines due to star-

formation. Similarly, the peculiar SEDs can also be ex-

plained in terms of continuum emission from an AGN

which can outshine the galaxy host in different spectral

regions. This possibility was recently explored in Ko-

cevski et al. (2023) for one of the EROs at z = 5.62

with NIRSpec observations, which is also included in

our sample (nircam3-3210). This galaxy was also dis-

cussed in Labbé et al. (2023) but the estimated photo-z

was much higher z ∼ 8. This highlights again the po-

tential pitfalls in the SED modeling of these galaxies.

Kocevski et al. (2023) proposed some AGN-dominated

scenarios where the SED could be explained by: 1) a

heavily obscured QSO dominating the LW fluxes and a

small percentage of scattered light from the broad-line

component causing the blue, SW emission (e.g., as in

the Polletta et al. 2006 torus template), 2) a heavily

obscured QSO dominating the LW fluxes plus a blue,

low-mass galaxy host, which dominates the SW fluxes,

or 3) a blue, type 1 QSO, dominating the SW fluxes, in

a dusty starburst galaxy which dominates the LW emis-

sion. The latter is also similar to the red QSO scenario

in Fujimoto et al. (2022).

Crucially, many of these different scenarios can be con-

firmed or ruled out with additional observations such as

the NIRSpec spectroscopy in Kocevski et al. (2023) or

with additional photometry at longer wavelengths from

JWST/MIRI. For example, Papovich et al. (2022) and

Rinaldi et al. (2023), have recently shown that many of

the blue, low-mass LBGs at z > 7 with emission line-

driven excesses in F444W have clear detections in MIRI

at F560W and F777W that can trace the continuum in

a spectral region without prominent emission lines. For

these EROs, MIRI detections in the rest-frame optical

continuum can distinguish between scenarios where the

red optical colors are primarily driven by high EW emis-

sion line vs. any kind of continuum-dominated emission

by a red, dusty galaxy or a QSO. In the § 5, we study

the likelihood and implications of the different scenar-

ios outlined above from a detailed analysis of the SED

modeling of the 4 galaxies with additional photometric

constraints from MIRI and the 4 galaxies with spec-

troscopic redshifts from NIRSpec. In § 6 we use those

results to inform the discussion on what would be the

most likely scenario for the whole population of EROs.

5. SED MODELING OF THE MIRI AND NIRSPEC

DETECTED EROS

5.1. Modeling codes

In this section, we perform a more detailed SED mod-

eling of the 8 EROs with MIRI and NIRSpec observa-

tions using the SEDs derived from the circular aper-

ture photometry described in § 2.2 and a variety of

codes aimed at exploring the likelihood of the differ-

ent dusty galaxy vs. obscured AGN scenarios outlined

in the previous section. A detailed description of the

modeling assumptions adopted for each code is pro-

vided in Appendix 1. Briefly, we use EAZYpy (Brammer

et al. 2008), Synthesizer (Pérez-González et al. 2008b),

Prospector (Johnson et al. 2021), and a custom code

to perform a hybrid fit of the stellar population mod-

els from Prospector with the AGN templates of Pol-

letta et al. 2006. The EAZYpy fits are based on the same

default template set used in §2.3. The Synthesizer

run uses parametric SFHs, following a delayed-τ func-

tion characterized with the Bruzual & Charlot (2003)

stellar population models, a Calzetti et al. (2000) at-

tenuation law and nebular emission following Ferland

et al. (1998). With Prospector, we use 3 different op-

tions: 1) a fiducial model with a parametric delayed-τ
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Figure 3. Left: Stacked spectral energy distribution of the 37 EROs (grey squares) divided into 2 groups below and above z=7,
shown in purple and red, respectively. The MIRI photometry is shown in green. All galaxies exhibit a characteristic bimodal
SED. Representative best-fit SEDs with EAZYPy at z=5.5 and z=7.5 (purple and red solid lines) show that this peculiar SED
shape is typically reproduced by a composite SED with a blue, flat continuum in the rest-frame UV and red, steep continuum
in the optical. Indeed, the best-fit power-law to the fluxes redward of F277W is quite large (αν ∼ 3− 4) indicative of a heavily
reddened continuum. The stacked SEDs also highlight the difference in F277W as the bands shift from the steep to the flat
slope with increasing redshift. Right-top: 2.5′′×2.5′′cutouts of EROs in the two redshift bins showing their similar compact and
featureless visual appearances. Right-bottom: List of some of the strongest emission lines that can potentially cause emission-
line-driven excesses in the NIRCAM and MIRI photometry at different redshifts. The locations of the strongest Hα and [O iii]
lines are also indicated in the left panel.

SFHs and Calzetti et al. (2000) attenuation law; 2) a

non-parametric SFH based on the continuity priors of

Prospector-α (e.g., Leja et al. 2019 or Tacchella et al.

2022) but with a maximum age of 100 Myr and using a

Calzetti et al. (2000) attenuation law; 3) a similar non-

parametric SFH with a more complex dust attenuation

model based on Charlot & Fall (2000) and Kriek & Con-

roy (2013). All 3 options are based on the FSPS models

(Conroy et al. 2009) and include nebular emission from

young stars. They also have a number of other model-

ing assumptions in common (gas and stellar metalicity,

ionization parameter, etc.) described in the appendix.

The first 2 options are aimed at exploring the impact

of using parametric/non-parametric SFHs and different

stellar population models with respect to Synthesizer,

while the third focuses on the impact of the dust at-

tenuation law. The last SED model is a hybrid of a

galaxy and a dust-obscured QSO. Here we assume that

the emission in the LW NIRCam and MIRI bands is

largely dominated by an obscured QSO modeled after

the QSO2 from Polletta et al. (2006) while the flux in the

SW fluxes comes from the galaxy host. We also show the

fits to an intrinsically blue QSO template, QSO1 from

Polletta et al. (2006), with a large AV =3−4 based again

on a Calzetti attenuation law. While this template fits

worse than the QSO2, it is useful to illustrate the differ-

ences and it provides a way to estimate the bolometric

luminosity of the QSO from the unobscured emission.

We fit the QSO model in 3 steps. First, we do a coarse

fit of the LW fluxes to the QSO2 template, then we fit

all the photometry subtracting the best-fit fluxes from

the QSO template with Prospector delayed-τ models,

and lastly, we perform a simultaneous fit of the QSO

template with galaxy SEDs drawn from the posterior of

the Prospector fit. The results from this method are

similar to those obtained with the modified version of

FAST (Aird et al. 2018) used in Kocevski et al. (2023).

The advantage of the Prospector fit is that it includes

emission lines which can help shore up the limitations

of the obscured QSO template that has a fixed set of

emission lines. While this is not a fully self-consistent

AGN method it helps to account for the contribution of

emission lines to the photometry.

5.2. Photometric redshifts of the 4 EROs with MIRI

detections

The peculiar SEDs of the EROs and the high chances

that some of the fluxes are at least partially boosted



10

Figure 4. Photometric redshift distributions (PDFz) for the
4 MIRI detected EROs computed using EAZY, EAZYpy, and
Prospector. The PDFz’s derived with the default and blue
version of the EAZYpy templates agree well with one another
and with the Prospector estimates for all the galaxies. For
the 3 galaxies at z < 7, the PDFz’s based on the templates
with very high EW lines (blue) suggest a secondary peak
at higher redshift that is not supported by the detections
in F150W. The key difference between the low and high-z
peaks is typically an emission line-driven excess in F444W
which could be attributed to Hα or [O iii] respectively (see
also Figure 3).

by emission lines make the photometric redshift esti-

mates one of the key parameters and potentially one of

the most problematic. For that reason, we run EAZYpy

twice, first using the default modeling assumptions and

a second time using the recently updated models which

include a blue galaxy template with strong, high EW

emission lines similar to those observed in recent NIR-

Spec spectra of z > 7 galaxies. We also include in the

analysis the redshift probability distributions (PDFz)

the values computed in Finkelstein et al. (2022) using

the original version of EAZY with an updated template

set optimized for high redshift presented in Larson et al.

(2022). The latter fits do not include the MIRI fluxes

and thus allow us to gauge the impact of the additional

photometry in the redshift likelihood. Lastly, we also

include the PDFz estimate from the fiducial Prospector

fit described in the previous section.

nircam5-5815: The primary EAZYpy and

Prospector solutions agree on a value of z∼ 5 for

which a strong Hα emission would boost the fluxes in

F410M and F444W. There is a secondary solution at

z∼ 9 for which the red F277W−F444W color is caused

by a strong Balmer break. However, at that redshift, the

galaxy should be an F150W drop-out, and the galaxy is

clearly detected at > 5σ. Therefore, we adopt the lower

redshift solution as the primary.

nircam5-9553: The photometric redshift distribu-

tions from EAZYpy and prospector are quite consistent,

peaking around z ∼ 5.8. At this redshift, the [O iii]/Hβ

and Hα lines can contribute to the flux in F356W and

F444W but not in F410M (or at least not significantly).

There is a secondary peak at z= 8.7 which also pro-

duces a relatively good fit. However, like in the previous

galaxy that would require the F150W flux to be a drop-

out, and the galaxy is faint but clearly detected in that

band. Therefore we consider the low redshift solution as

the primary.

nircam6-7042: This is the only galaxy observed in

the long wavelength MIRI bands. It has a faint but clear

detection in F1000W but is not detected in F1500W.

Similarly to the galaxies above, the PDFz exhibits a pri-

mary peak at z = 6.4 and a secondary peak at z ∼ 8.5

which is closer to the value presented in Labbé et al.

(2023), z = 8.11. The two different solutions try to fit an

excess in F444W relative to F410M with a strong emis-

sion line, either Hα or [O iii] at low and high-z respec-

tively. We notice however that the F277W flux for this

source is above the relatively flat continuum delineated

by the SW bands suggesting that it might be sampling

the continuum redward of the 4000Å break and therefore

favoring the low-z solution. The F277W photometry in

Labbé et al. (2023) appears to be fainter and closer to

the bluer bands which might favor the high-z solution.

At the redshift of the two possible solutions, the F1000W

detection (and the upper limit in F1500W) still probes

rest-frame wavelengths shorter than the 1.6 µm bump

and thus cannot help discriminate between them.

nircam5-6746: This galaxy presents a PDFz cen-

tered around z = 7 − 8 with no secondary peaks at

significantly different redshifts. The brighter MIRI flux

in F560W relative to F770W also favors a redshift of

z = 7.5 suggesting that strong Hα emission is boost-

ing the flux in F560W and similarly [O iii] in F410M

and F444W. This galaxy is also discussed in Akins et al.

(2023) with similar photometric redshift and consistent

stellar population fits.
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Figure 5. Multi-band 2.5′′×2.5′′ cutouts of the MIRI detected EROs and best-fit SED models computed with EAZYpy,
Prospector, Synthesizer and a hybrid of galaxy plus a red QSO2 template from Polletta et al. (2006). The left panels
illustrate that fits based on a single stellar population component provide a good fit to the overall LW NIRCam and MIRI
photometry (black and green squares) but they systematically fail to reproduce the rest-frame UV probed by the SW NIRCam
bands. The middle panels show that a composite model consisting of two (or more) stellar populations provides an excellent fit
to all the bands by combining a red, massive, and dusty galaxy that fits the LW bands and a blue, low-mass galaxy that fits the
SW bands but has little impact on the stellar mass. The right panels show that the hybrid of galaxy + QSO2 models provide
an equally good (or better) fit to the SED than the other models. Here, a dust-obscured QSO dominates the LW photometry
but does not contribute to the stellar mass of a blue unobscured host, and consequently leads to total stellar masses ∼ 2 orders
of magnitude smaller than the other scenarios.
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Figure 6. Multi-band 2.5′′×2.5′′ cutouts and 2D/1D NIRSpec spectra of the NIRSpec detected EROs. The best-fit SED
models computed with EAZYpy, Prospector, Synthesizer and a hybrid of galaxy plus the QSO2 template from Polletta et al.
(2006) are the same as in Figure 5 but fixed to the spectroscopic redshift.
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Figure 7. Range in stellar masses and AV obtained with different SED modeling assumptions for the 8 EROs with MIRI and
NIRSpec observations. Overall, the values derived with the commonly used EAZYpy and FAST methods provide similar estimates
as the fiducial Prospector-τ model, and they are typically the largest (red, grey, and light blue markers). The Prospector-np
non-parametric model (dark blue) leads to smaller stellar masses by 0.4 dex, on average. A non-parametric model with a grey
attenuation law, Prospector-np-cf (black), can lead to even smaller masses by 0.7 dex when MIRI fluxes are available, but it
obtains similar values to the fiducial models where they are not. The stellar masses from Synthesizer (green) are the smallest
by ∼1 dex relative to the fiducial values, but the accuracy of the fit is worse. The values obtained with the hybrid galaxy
plus obscured QSO model (not shown) are much smaller, logM⋆/M⊙=7 − 8 because the QSO dominates the SED without
contributing to the stellar mass of the blue, low-mass host.

5.3. Best fit properties and SEDs

Figure 5 and 6 show the multi-band images, NIRSpec

spectra, and SEDs for the 8 MIRI and NIRSpec de-

tected galaxies jointly with the best-fit models obtained

with the different codes outlined in the previous section.

From left to right, the panels show the stellar population

fits with Prospector (τ -model and non-parametric) and

Synthesizer, the composite stellar populations with

EAZYpy (middle), and the hybrid galaxy+AGN models

(right).

MIRI fluxes and the high EW emission line

scenario: The 4 galaxies with MIRI detections exhibit

F560W and F777W fluxes that continue the red power-

law trend outlined by the NIRCam LW bands. For 3

of them, the MIRI bands probe a spectral region red-

ward of Hα, which does not have any prominent emis-

sion lines. The exception is nc5-6746, at z= 7.5, which

seems to have an excess in F560W due to a strong Hα

line, but not in F777W, which also continues the same

trend of increasingly larger fluxes as the other 3 galax-

ies. Therefore, the MIRI detections strongly suggest

the presence of red continuum emission in these galaxies

which disfavors the scenario where the red optical fluxes

originate in a blue galaxy with very high EW emission

lines masquerading as a red continuum. Nonetheless,

we note that the best-fit SEDs for these EROs show

strong emission lines and even emission line-driven ex-

cess in one or two of the LW NIRCam bands. However,

these lines have relatively normal EWs for a massive

star-forming galaxy (∼100Å) due to the presence of a

red stellar continuum.

Prospector-τ , -np and Synthesizer: Overall,

these models based on different SFHs but using the same

Calzetti et al. (2000) attenuation law provide a relatively

good fit to the majority of the LW NIRCam bands and

the MIRI fluxes. However, they all fail to reproduce

the rest-frame UV fluxes probed by F115W, F150W,

and, in some cases, F200W, regardless of the SFH. Both

Prospector fits yield systematically lower fluxes in the

rest-UV, while Synthesizer sometimes finds a trade-off

between improving the fit to the UV bands at the ex-

pense of a worse fit to the optical bands. The reason

behind this systematic issue for all the models is that

the large dust attenuations required to reproduce the

extremely red optical colors lead to even larger attenua-

tions in the UV which completely suppress the predicted

emission regardless of the stellar population parameters

or SFHs; i.e., even non-parametric SFHs having sub-

stantial SFRs in the last 5 to 10 Myr still yield very red

colors in the rest-frame UV. This problem is unavoid-

able for the typical attenuation laws such as Calzetti

(A2500/AV ∼ 2), and it would be worse for steeper at-

tenuation laws such as the SMC type (A2500/AV ∼ 2.6)

or a Milky-way type with a UV bump at 2175Å. How-

ever, a shallower, greyer attenuation law, resulting per-

haps from a more patchy distribution of the dust in the

galaxy, could alleviate this problem.

Prospector-np-cf: Indeed, the best-fit SED mod-

els derived with Prospector using non-parametric SFHs

and a more complex, two-component dust attenuation

model based on Charlot & Fall (2000) and Kriek & Con-

roy (2013) provide a better match to the UV fluxes with

varying degrees of improvement. In this model, the dif-

fuse attenuation is multiplied by a power law with index

n that increases/lowers the slope of the attenuation law

relative to Calzetti (i.e., for n = 0 it becomes Calzetti).
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The models that fit the UV fluxes best (e.g., nc5-5815,

nc6-7042, or nc1-2441) all have similar attenuation laws

which lean heavily towards the shallowest (greyest) pos-

sible attenuation law allowed by the priors (n = 0.4,

A2500/AV ∼ 1.4); i.e, the posterior is not evenly sam-

pled but rather skewed to the maximum value. The

models without a significant improvement of the UV fit

still return better χ2 than the Calzetti-based fits. For

these galaxies differential attenuation between the stel-

lar continuum and the emission lines introduced by the

two-component Charlot & Fall (2000) prescription ap-

pears to allow stronger emission lines that improve the

fit to the bands with emission line excesses.

EAZYpy: These models provide a good match to

both the rest-UV and rest-optical SED. The difference

with respect to the Prospector and Synthesizer fits is

that EAZYpy uses composite models that are linear com-

binations of templates with different ages, SFRs, and,

crucially, dust attenuations. Consequently, the compos-

ite SED is not necessarily bounded by the same dust

attenuation across the whole spectral range. The best-

fit models for all the EROs are always a combination of

at least two templates with very different properties: a

young, blue galaxy with low dust attenuation that fits

the relatively flat rest-frame UV emission, and an older

galaxy, with large dust attenuation that fits the red op-

tical emission.

Hybrid galaxy - red QSO: The rightmost panels

of Figure 5 and 6 show the fits to the hybrid model of

a blue galaxy and a dust-obscured QSO (QSO2 tem-

plate in red). This model shows an excellent fit to

the overall SED including the rest-UV and the MIRI

fluxes. In this scenario, the continuum emission from the

obscured QSO dominates the SED redward of F277W

while the galaxy component dominates the rest-UV

emission. Consequently, the best-fit galaxy model is a

blue, low-extinction galaxy similar to the blue compo-

nent in the EAZYpy composite. The grey and magenta

lines in the fits illustrate the 1σ range in the stellar

masses which are, in all cases, very small logM⋆/M⊙=7-

8. The main difference in the best-fit SEDs of QSO-

dominated vs. galaxy-dominated scenarios is that in

the latter, the stellar continuum typically exhibits a

peak around ∼ 1.6 µm, whereas the QSO emission in-

creases continuously toward the rest-frame mid-IR. Un-

fortunately, at z > 5 the MIRI detections in F560W and

F777W still probe rest-frame wavelengths shorter than

1.6 µm, and even for the one galaxy detected in F1000W,

the rest-frame flux is still too close to 1.6 µm. Detec-

tions at longer wavelengths are clearly necessary to dis-

tinguish conclusively between a declining stellar contin-

uum and rising QSO emission. The panels show also the

fits using a blue QSO1 template with very large atten-

uations AV ≳ 3 (orange). These are generally a worse

fit to the MIRI data because they have more steeply ris-

ing SEDs, but they help provide an order of magnitude

estimate of the QSO bolometric luminosity.

Hybrid blue QSO - dusty galaxy, and pure QSO

- Torus: Figure 8 shows the best-fit SED of nc3-3210

(the broad-line AGN with NIRSpec studied in Kocevski

et al. 2023) to the other two possible scenarios involv-

ing a QSO: the QSO - torus emission, and the hybrid

of a blue QSO and a red, dusty galaxy. In the torus

model, the SED is completely QSO-dominated at all

wavelengths (e.g., scattered UV light, attenuated optical

emission, and mid-to-far IR re-emission by dust). Here

we use the Torus template from Polletta et al. (2006) to

fit the observed SED and we find that while the intrinsic

shape of the Torus SED template is, to some extent, sim-

ilar to the bimodal SED of the EROs, a single template

is not flexible enough to obtain a better fit than any of

the other scenarios discussed above. This is likely a lim-

itation of our approach based on a single template, and

it is possible that a more comprehensive AGN modeling

code can fully reproduce the observed SED with higher

accuracy. The scenario involving a galaxy plus a blue

QSO is, to some extent, similar to the EAZYpy model.

In both of them, the LW NIRCam bands are largely

dominated by the emission of a red, dusty galaxy while

the SW bands are dominated by a blue, low-extinction

galaxy or QSO, respectively. Consequently, the inferred

stellar masses and dust attenuations for the bulk of the

galaxy are also very similar, since none of the blue com-

ponents contribute significantly to the mass. These two

scenarios are not discussed in detail for the other objects

because, the blue QSO model leads to similar results for

the stellar properties as the other galaxy-dominated sce-

narios, and the torus model does not provide constraints

on the stellar mass of the host or the luminosity of the

QSO.

5.4. Stellar masses and attenuations

Figure 7 shows the range in stellar masses and dust

attenuations for the 8 EROs obtained with the different

SED modeling codes. We also include the stellar masses

and attenuations computed with FAST and we use it as

a benchmark model for the comparisons to study sys-

tematic effects. FAST has been widely tested in typical

galaxies at low-to-mid redshift with accurate results, but

it is critical to understand if there are potential issues

modeling these high-z galaxies with peculiar SEDs.

The stellar masses computed with FAST and EAZYpy

tend to be the largest, and they are very similar, with

a median difference and scatter of ∆logM⋆/M⊙(FAST-
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Figure 8. Additional SED modeling scenarios involving a QSO. Left: a hybrid of dusty-galaxy dominated SED with a blue, low
extinction QSO contributing only to the rest-UV emission. This scenario is similar to the EAZYpy fits replacing the blue galaxy
with a blue QSO with a minimal impact on the stellar mass of the composite. Right: a pure QSO-dominated model based on
the Torus template from Polletta et al. (2006) where the emission from the QSO outshines the galaxy host at all wavelengths.
The intrinsic shape of the Torus SED is very similar to the bimodal SED of the EROs. However, we find that using a single
template limits the flexibility of the fits and it leads to generally worse agreement (χ2) with the data.

EAZYpy) =-0.01±0.3 dex. Although the SED fits with

FAST do not reproduce the UV fluxes like the compos-

ite SEDs with EAZYpy, the effect on the stellar mass

is very minor. This is because the red, dusty compo-

nent in the EAZYpy fit, which is similar to the overall

FAST fit, dominates the stellar mass over the young,

blue component which has a much lower mass-to-light

ratio.

Interestingly, the median difference with respect to the

stellar masses computed with the fiducial Prospector

fits (τ -model with a Calzetti attenuation) is rela-

tively small, with a larger scatter ∆ logM⋆/M⊙(FAST-

Prospector-τ)=-0.16±0.49 dex. This means that de-

spite the more flexible modeling of key parameters like

emission line strength or metallicity, the stellar mass is

mostly driven by the need to fit the red optical slope

with a high dust attenuation. In fact, the cases where

the Prospector fits obtain the largest stellar masses

are typically those where the extinction is maximum

Av∼4. Note also that the extinction values from FAST

and Prospector are typically the largest, ranging be-

tween Av= 3−4. The EAZYpy fits have lower extinctions

Av= 2−3 in part because of the combination with a blue

template (AV = 0), but sometimes because it includes a

red, quiescent template which also has a low attenuation

but a large mass-to-light ratio, which, in turn, leads to

larger stellar masses (e.g., as in nc3-2232).

The Prospector fits with non-parametric SFHs

capped at a maximum formation age of 100 Myr

and a Calzetti attenuation law leads to systematically

lower stellar masses than the fiducial Prospector-τ ,

∆logM⋆/M⊙(τ -np)=-0.23±0.21 dex. This is because

the fiducial model has a maximally old start of the SFH

at 90% of the age of the Universe at the redshift of

the galaxy and, consequently, tends to form more stars

over a longer period of time. Consequently, the masses

are even smaller relative to FAST ∆logM⋆/M⊙(FAST-

Prospector-np)=-0.39±0.26 dex.

The Prospector fits with non-parametric SFH and

a more flexible attenuation law based on Charlot &

Fall (2000), which provides the best SED fits, exhibit

an interesting behavior. For the 4 galaxies with MIRI

detections, the stellar masses are significantly lower

∆logM⋆/M⊙(FAST-Prospector-np-cf)=-0.68±0.28 dex,

but for the 4 galaxies with NIRSpec the difference

is nearly zero, ∆logM⋆/M⊙(FAST-Prospector-np)=-

0.01±0.16 dex. The reason for this difference is clearly

visible in the SED fits of Figure 5 and 6. Without

MIRI data to constrain the continuum emission beyond

F444W, Prospector favors solutions with a stronger

continuum (i.e., more massive) and lower EWs for the

lines. For example, in nc3-3210 or nc1-9410, the best-fit

models with Prospector-τ vs. Prospector-np-cf would

exhibit differences in the predicted F560W and F770W

fluxes of the order of 1 to 1.5 mag.

The fits with Synthesizer provide the smallest stel-

lar mass estimates, nearly 1 dex smaller than FAST,

∆logM⋆/M⊙(FAST-Synthesizer)=-0.98±0.33 dex. As
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discussed in the previous section, these SED fits are,

overall, less accurate than the other codes, but tend to

fit the UV region a bit better at the expense of a worse fit

to the optical. As a result, they have lower attenuations

AV ∼2 mag and, consequently, lower stellar masses.

Lastly, in the hybrid galaxy plus obscured QSO sce-

nario the latter completely dominates the bulk of the

emission in the LW bands. However, it does not con-

tribute to the stellar mass, which depends exclusively on

the faint blue galaxy host. Consequently, inferred stellar

masses are ∼ 2 orders of magnitude, logM⋆/M⊙=7− 8,

smaller than in any of the scenarios where the bright

LW continuum originates in a dusty massive galaxy.

In summary, the commonly used methods based on

τ -models and a Calzetti attenuation, or variants of

EAZY with the default templates (including the reddest

dusty/old templates) are likely to obtain the largest

stellar masses. Non-parametric or similar SFHs that

limit the age of the galaxy to relatively young values

(≲100 Myr) lead to -0.4 dex smaller stellar masses.

The addition of a more flexible dust modeling to al-

low greyer attenuation curves can lead to stellar masses

up to 0.7 dex smaller. However, without MIRI data,

the stellar masses can also be as high as for the fiducial

τ -models.

6. DISCUSSION

6.1. Likelihood of the dusty galaxy scenario

In the previous sections, we discussed 3 possible sce-

narios where a dusty, star-forming galaxy can fit the

overall SED of the EROs dominating the emission in

the rest-frame optical: with a flat, grey attenuation law

or with a secondary component which is either a blue,

low-extinction galaxy or a blue QSO, that fits rest-frame

UV.

Looking at these possibilities in the light of the point-

like, unresolved sizes for all these galaxies the scenario

with two distinct stellar components seems quite un-

likely. Such a model would make more sense on an ex-

tended galaxy with clearly differentiated regions (e.g.,

clumps, or a bulge). On the other hand, a compact

size might help explain the very grey attenuation law in

terms of the geometry and distribution of dust in a high-

density environment. For example, rather than a dust

shell scenario we might have a mixed star-dust distribu-

tion (probably clumpy) which produces gray attenuation

laws including huge extinctions (AV ≳20 mag or more),

but also significant scattering resulting in much lower

and gray total attenuations and, consequently, bluer UV

colors (Witt & Gordon 2000).

The scenario involving a blue, low-luminosity QSO is

also plausible and it can help explain why the colors

of these EROs are very different from those of F150W

EROs and other dusty galaxies at higher redshift re-

cently identified with JWST (e.g., Zavala et al. 2023,

Pérez-González et al. 2023a), which are red in all the

NIRCam bands. As discussed in Kocevski et al. (2023)

(also Fujimoto et al. 2022) this scenario could be a tran-

sitional phase, in the evolution of a dust-obscured star-

burst that is clearing up the dust and leading the way

to an unobscured QSO. Note that while bluer UV col-

ors have been reported in dusty star-forming galaxies

at z ≳ 3 with large IR-luminosities (e.g., Casey et al.

2014), these EROs are very blue, with a relatively flat

UV continuum in fν that implies very steep UV-slopes,

β ≲ −2 for the high attenuations implied by the SED

modeling, AV > 3 mag.

Taken together, the different colors and morphologies

of these EROs relative to the other massive dusty galax-

ies might be an indication that they are a distinct pop-

ulation perhaps undergoing a strong nuclear starburst

phase as seen for example in some of the radio/sub-mm

detected galaxies at z > 3 (Tadaki et al. 2017; Barro

et al. 2017). To some degree, this scenario might be

similar to that of the compact star-forming galaxies at

z ≳ 2−3 which are also small (but resolved, re ∼1 kpc),

massive, and dusty (e.g., Barro et al. 2013; Williams

et al. 2014; Nelson et al. 2014; van Dokkum et al. 2015),

and exhibit a large fraction of X-ray AGN detections

(Kocevski et al. 2017). Indeed, galaxy formation mod-

els suggest that the progenitors of those compact SFGs

could be even smaller at higher redshift due to the larger

gas reservoirs leading to wet-compaction events that re-

sult in the formation of a very dense core (e.g., Zolo-

tov et al. 2015; Wellons et al. 2015; Tacchella et al.

2016). Nevertheless, it seems odd that all these EROs

at z = 5− 9 are unresolved. If they were to evolve into

compact SFGs at z ≲ 3 we would expect some of them

to be transitioning from purely unresolved to the char-

acteristic mass-size relation that compact SFGs follow

at z≳ 2− 3 (Barro et al. 2017).

6.2. Likelihood of the obscured AGN scenarios

An alternative scenario to the dusty star-forming

galaxies where we expect unresolved, point-like sources

and peculiar, non-stellar SEDs is in AGNs where a

bright QSO can outshine the emission of its host in

different spectral ranges from the UV to the mid-IR.

For example, hybrid galaxy + AGN SEDs where the

latter dominates the near-to-mid IR emission are a rel-

atively common occurrence in galaxy surveys at mid-

to-high redshifts (Stern et al. 2005; Lacy et al. 2007;

Donley et al. 2012, 2018). In the previous sections, we

discussed 2 possible scenarios where an obscured AGN
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Table 1. MIRI and NIRSpec EROs at 5 < z < 9

ID R.A. Dec. zphot zspec logM⋆ logM⋆ logM⋆ logM⋆ logM⋆ logM⋆ logM⋆

(deg) (deg) [M⊙] [M⊙] [M⊙] [M⊙] [M⊙] [M⊙] [M⊙]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

nc5-5815 214.975531 52.925267 5.5+0.9
−0.1 — 9.34+0.12

−0.10 9.18+0.07
−0.06 9.32+0.14

−0.14 9.28±0.20 9.74±0.20 9.16+0.03
−0.03 7.80+0.20

−0.20

nc5-9553 214.990983 52.916521 5.6+0.3
−0.3 — 10.71+0.18

−0.12 10.15+0.04
−0.05 9.22+0.08

−0.04 10.04±0.20 10.14±0.20 9.20+0.04
−0.04 8.20+0.40

−0.40

nc6-7042 214.840543 52.817942 6.4+0.7
−0.2 — 10.22+0.13

−0.14 10.15+0.13
−0.15 10.13+0.11

−0.10 10.31±0.20 10.51±0.20 9.66+0.06
−0.06 7.95+0.45

−0.45

nc5-6746† 214.990983 52.916521 7.5+0.4
−0.2 — 11.11+0.06

−0.07 10.72+0.04
−0.06 10.00+0.24

−0.16 10.88±0.20 11.01±0.20 10.76+0.12
−0.12 7.70+0.50

−0.50

nc1-9410 215.008490 52.977971 6.3+0.1
−0.2 6.132 9.25+0.16

−0.11 9.37+0.08
−0.05 10.14+0.40

−0.16 10.08±0.20 10.13±0.20 9.35+0.05
−0.05 8.30+0.10

−0.10

nc3-3210†† 214.809145 52.868482 5.7+1.5
−0.1 5.614 10.93+0.08

−0.08 10.36+0.04
−0.06 10.32+0.12

−0.17 10.54±0.20 10.44±0.20 8.93+0.06
−0.06 7.55+0.45

−0.45

nc1-2441 215.002842 53.007588 7.6+0.5
−0.2 7.092 9.69+0.06

−0.06 9.47+0.05
−0.05 10.17+0.11

−0.11 10.06±0.20 9.89±0.20 9.27+0.10
−0.10 8.35+0.15

−0.15

nc3-2232††† 214.830687 52.887769 8.6+0.5
−0.7 7.769 9.63+0.32

−0.29 9.62+0.23
−0.10 10.20+0.41

−0.11 10.94±0.20 10.33±0.20 9.31+0.08
−0.08 7.90+0.10

−0.10

Note— (1) Source ID in the CEERS catalog. (2) Right ascension (J2000). (3) Declination (J2000). (4) Photometric redshift
in § 2.3 (5) Spectroscopic redshift from NIRSpec. See decription in § 5 for the following: (6) Stellar masses derived using
Prospector-τ (7) Stellar masses derived using Prospector-np (8) Stellar masses derived using Prospector-np-cf (9) Stellar
masses derived using EAZYpy (10) Stellar masses derived using FAST (11) Stellar masses derived using Synthesizer (12) Stellar
masses derived using the hybrid galaxy - obscured QSO model. † : This object is also studied in Akins et al. (2023). †† : This
object is also studied in Kocevski et al. (2023) as MPTID-746 † † † : This object is also studied in Fujimoto et al. (2023) as
MPTID-20

can fit the overall SED of the EROs dominating the

red optical emission: 1) combined with a blue, low-mass

galaxy host or in a pure AGN model where the emission

from the QSO dominates at all wavelengths.

The first scenario would imply that all these EROs

are low-mass galaxies whose optical to IR fluxes are

completely outshined by the emission of an obscured

QSO. The limiting factor in this scenario is the bolomet-

ric luminosity and implied black-hole mass of the QSOs

which should be at least one or two orders of magnitude

lower than the stellar masses of the hosts (e.g., Kor-

mendy & Ho 2013). The stellar masses of the blue, low-

extinction hosts inferred in the previous section range

between logM⋆/M⊙= 7 − 8.5. Therefore, we would ex-

pect black hole masses of the order of logM⋆/M⊙= 6−7

and, based on the typical luminosity-black hole relation
(Greene & Ho 2007), QSO bolometric luminosities of

Lbol ∼ 1044−45erg s−1 or smaller, since this is the value

at the higher end of the accretion rate, Lbol/LEdd=1.

Unfortunately, the estimate of the bolometric lumi-

nosity of an obscured QSO requires X-ray, UV, or bolo-

metric luminosities, none of which can be easily com-

puted for these galaxies. For intrinsically blue QSOs

the total luminosities can be estimated from monochro-

matic luminosities using bolometric corrections (e.g.,

Richards et al. 2006). However, for obscured AGNs, the

total luminosities are usually inferred from rest-frame

IR luminosities of the total IR luminosity (e.g., Don-

ley et al. 2012; Runnoe et al. 2012), which for these

galaxies would require MIRI fluxes at the longest wave-

lengths. Thus, the only alternative to estimate a lu-

minosity is to fit the SED with a blue QSO template

heavily obscured with a Calzetti attenuation law and

then transform the dust-corrected UV luminosity into

Lbol (e.g., Lbol=5.15L3000, Richards et al. 2006). The

values obtained for the EROs with this method range

between Lbol ∼ 1046−47erg s−1 which are 1 to 2 dex

larger than the expectation from typical low redshift BH

mass to stellar mass ratios (i.e., they would be very lu-

minous QSO). We caution however, that this estimate

is a large oversimplification since, as shown in § 5, the

red QSO SED (QSO2) differs from the attenuated blue

QSO SED (QSO1+Calzetti). The true attenuation law

of an obscured QSO depends on multiple factors such

as the geometry and distribution of dust in the torus

or the line-of-sight inclination. In compact galaxies at

high-z, it might even depend on the galaxy-wide condi-

tions (gas/dust fractions; e.g., Gilli et al. 2014). Conse-

quently, the bolometric luminosities of obscured QSOs

are probably lower than the values estimated with a blue

QSO template, which should be considered upper limits.

In the second scenario, the obscured QSO completely

outshines the galaxy host emission across the whole

spectral range; i.e., both the SW and LWNIRCam fluxes

arise from the QSO. This scenario would be the most

plausible based on the unresolved sizes of these galax-

ies in all the NIRCam bands. Unfortunately, a more

detailed characterization of the bolometric luminosity

in this type of scenario requires more complex model-

ing of the extinction and scattering of the QSO emis-

sion that is beyond the scope of this paper. Interest-

ingly, in this scenario, the constraints on the bolomet-

ric luminosity of the QSO might be less strict since the

galaxy host does not have to be detected in the UV.
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Figure 9. Galaxy number densities with stellar masses
above logM⋆/M⊙> 10 (dark grey, logM⋆/M⊙>9.5 and 10.5
in shaded grey) as a function of redshift computed from
SMFs in the literature (see text). The purple, green, and
red markers indicate the number density of EROs with
logM⋆/M⊙> 10 based on three different modeling scenarios
which typically encompass the minimum/maximum stellar
mass estimates (see §5.4). The orange lines show a simi-
lar prediction derived from median and percentiles of 100
CEERS-sized draws of a 2-deg2 lightcone based on the Santa
Cruz SAMs. Similarly, the cyan lines show the predictions
from mock lightcones with larger baryon conversion efficien-
cies (ϵ = 0.5 and 1). At z = 5 − 7 the density of EROs is
lower than the values from the literature, however, at z > 7
the density can be up to a factor of ∼10 larger for some
of the estimates with the largest stellar masses. While this
difference can still be reconciled with the large uncertainties
from the SMFs and the SED modeling variations, the dis-
crepancy at larger masses, logM⋆/M⊙>10.5, is much larger.
We expect 1 galaxy in an area 10 to 20 times larger than
CEERS and we find 3.

Therefore, a slightly more massive and dusty galaxy,

logM⋆/M⊙= 8 − 9, can perhaps hide under the bright

red continuum of the QSO without having a significant

impact on the observed SED.

6.3. Implications for number densities,

mass/luminosity functions

As discussed in Labbé et al. (2023), if all of these

EROs are dusty galaxies with relatively large masses

logM⋆/M⊙∼ 9−10, or up to logM⋆/M⊙∼11 for some of

the most extreme objects, their number densities can

lead to some tension with the observed stellar mass

functions and would imply higher than expected star

formation efficiencies (Boylan-Kolchin 2022). We re-

view the number density estimates using the full sam-

ple of 37 EROs selected over the larger area of the full

CEERS survey and spanning a broader redshift range

from z = 5− 9. Figure 9 shows the redshift evolution in

the number density of galaxies with stellar masses larger

than logM⋆/M⊙= 10 (9.5 and 10.5 in dashed lines) de-

rived from pre-JWST stellar mass functions (SMFs) in

the literature (Muzzin et al. 2013; Grazian et al. 2015;

Stefanon et al. 2015; Song et al. 2016; Stefanon et al.

2021). The orange lines show a similar prediction from

mock catalogs based on the Santa Cruz semi-analytic

models (Somerville et al. 2015, 2021; Yung et al. 2019b,

2022), which shows the median and 84th and 16th per-

centiles from 100 CEERS-sized fields subsampled from

a 2-deg2 lightcone (Yung et al. 2023) to illustrate the ef-

fect of cosmic variance. These results have been shown

to agree well with observed luminosity functions and

other observations in this redshift range (Yung et al.

2019a,b). The purple, red, and green markers show the

number densities of EROs with logM⋆/M⊙> 10 at red-

shifts z= 5 − 7 and z= 7 − 9, estimated with FAST,

Prospector-np and Synthesizer. The error bars in-

dicate Poissonian errors. As discussed in the previous

sections, these values generally bracket the largest to

smallest stellar mass estimates and therefore provide a

way to estimate the impact of the SED modeling choices

on the number densities.

The densities of EROs with logM⋆/M⊙> 10 at z= 5−7

are all slightly under the values from the literature which

still allows additional, non-ERO, massive galaxies to ex-

ist at this redshift (e.g., Zavala et al. 2023) without ten-

sion with the literature. At z ∼ 7, the expected number

of galaxies with logM⋆/M⊙> 10 in the area of CEERS

is roughly one (with large errors) while the densities

of EROs, inferred from the different stellar mass esti-

mates, range between 2 and 10. Nonetheless, these dif-

ferences are still within the range of the uncertainties in

the SED modeling and cosmic variance. Furthermore, it

is possible that pre-JWST stellar mass functions missed
some of the most massive galaxies. At the largest masses

logM⋆/M⊙> 10.5, however, the difference increases up

to a factor of ∼ 60. We should not detect any such

galaxies in the area of CEERS (or even an area 10 times

larger). Labbé et al. (2023) reported one of those galax-

ies in their sample. Here we identify 5 galaxies (includ-

ing Labbé’s) with masses above logM⋆/M⊙> 10.5 by at

least 2 out of the 3 estimates, 2 of them at z = 5−7, and

another 3 at z = 7 − 9 (nc1-10084, nc5-3637 and nc8-

13596, see Table 2). These galaxies are also among the

brightest in F444W∼23 mag (up to 2 mag brighter than

the median of all EROs) which indicates that they are

different in some way and perhaps they are the ones that

are AGNs. Nonetheless, an individual analysis of these

sources carefully characterizing their photo-z and masses

is required to clarify the strong discrepancy with respect
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to the expected densities. In summary, while the num-

ber densities of EROs exhibit some tension with the pre-

dictions of pre-JWST stellar mass functions if they are

all dusty galaxies, the numbers match relatively well if

all the masses are closer to logM⋆/M⊙= 10, as predicted

by some of the SED modeling scenarios. Nonetheless,

even if just a few of them are confirmed to be very mas-

sive, logM⋆/M⊙> 10.5, the discrepancy with the SMFs

would be very large.

Comparing to simulations, the cyan lines in Figure 9

show the predictions based on mock lightcones presented

in Yung et al. (2023), for which dark matter halos have

been extracted from N-body simulations in a standard

ΛCDM cosmology. Each line indicates the density of

objects that would result if each halo is able to convert

a different fraction of its baryon content into stars (i.e.

m∗ = ϵfbMhalo), ϵ = 0.5 and 1, respectively. A value

of ϵ = 1 is expected to yield an extreme upper limit

since the fractions in the local Universe are typically less

than ϵ ∼ 0.2. Models based on similarly low efficiencies,

such as the Santa Cruz SAM (orange lines) yield a good

agreement with the density of EROs at z = 5− 7. How-

ever, the implied masses of the EROs in the z = 7 − 9

bin, if they are primarily powered by stars, would imply

significantly higher than expected values of this baryon

conversion efficiency ϵ, although not in fundamental ten-

sion with ΛCDM.

The implications for the number densities and lumi-

nosity functions in the obscured AGN scenarios are more

complicated since these estimates depend on the bolo-

metric luminosities which, as mentioned above, are par-

ticularly complicated for obscured AGNs. Nevertheless,

if we again use the upper limits estimated with the blue

QSO template and we assume that all EROs are ob-

scured AGNs, we infer a large number density of lu-

minous (but obscured) QSO, 4.2×10−5 and 3.9×10−5

Mpc−3, at z = 5− 7 and z = 7− 9, respectively. These

values are more than two orders of magnitude larger

than the expected number of bright, intrinsically blue

QSO at z∼ 6 (∼10−8 Mpc−3; Matsuoka et al. 2018).

However, if the luminosities were a factor of 5−10 lower,

the density would be closer to that of the less luminous,

X-ray selected AGNs (∼10−6 Mpc−3; Giallongo et al.

2019), or even to the rapidly increasing number of new

AGNs identified with JWST/NIRSpec based on their

broad emission lines (Kocevski et al. 2023; Larson et al.

2023; Harikane et al. 2023), including one of the EROs

discussed in this paper. A significant increase in the

number of AGNs at z > 7 relative to lower redshifts

could indicate that we are probing a key era of very

quick supermassive black hole growth and short duty

cycles occurring in the first 1 Gyr of the Universe.

6.4. Prospects for revealing the nature of these EROs

These sources are complex to interpret, even though

the short wavelength photometry with MIRI and the

spectroscopy with NIRSpec help place better constraints

on the presence of a red continuum or the redshift of

these sources, it is not enough to break the degeneracies

in the possible modeling scenarios. Additional MIRI

photometry at longer wavelengths can distinguish be-

tween the rising continuum of an obscured QSO and the

decline in the stellar SED past 1.6 µm. Deeper NIRSpec

spectroscopy of their rest-frame UV or rest-frame opti-

cal can reveal high excitation emission lines (e.g., C II

and Mg II, or He II and [Ne V]), indicative of AGNs

or reach the stellar continuum showing absorption lines

that would confirm the presence of an underlying stellar

population.

7. SUMMARY

We identify 37 extremely red objects (EROs) in the

CEERS field with NIRCam colors F277W−F444W> 1.5

mag, down to a limiting magnitude of F444W< 28 mag.

These are candidate massive dusty galaxies at z>5.

• A key defining feature of these EROs is that all of

them have blue colors in the SW NIRCam bands

(F150W−F277W∼0). The color difference in the

SW and LW bands indicates that these galaxies

have bimodal SEDs consisting of a red, power-law

slope (αν >3) in the rest-frame optical, and a blue,

flat slope in the rest-frame UV. These colors and

SEDs are very different from those of other EROs

or massive dusty galaxies at lower or similar red-

shifts.

• Another key feature is that all of them are remark-

ably compact and featureless. The light profile

fits with GALFIT indicate that they are unresolved,

point-like sources in all the NIRCam bands. This

differs again from the typical spread in stellar

mass-size of other EROs or massive galaxies at

similar redshifts.

• Their photometric redshifts, stellar masses, and

dust extinctions derived with standard SED fit-

ting codes EAZYpy and FAST range from 5 < z < 9

with median values < z >= 6.9+1.0
−1.6, logM⋆/M⊙=

10.2+0.5
−0.4 and AV = 3.0+1.3

−1.2. However, if the red

colors are not due to stellar continuum emission

in a dusty galaxy, these values might be overes-

timated. Alternative scenarios include: emission

lines with extreme EWs> 1000Å from a galaxy or

AGN boosting the LW fluxes, a hybrid of galaxy

and a dusty QSO with the latter dominating the
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LW continuum, or an AGN dominating the whole

SED.

• Four of these EROs within the limited MIRI over-

lap with the CEERS/NIRCam mosaic are clearly

detected showing that the extremely red colors ex-

tend to longer wavelengths. Another 4 EROs were

observed with NIRSpec and they exhibit [O iii]

and Hα emission lines which confirm spectroscopic

redshifts in the z = 5 − 9 range. The MIRI de-

tections at rest wavelengths redward of the most

prominent emission lines, indicate the presence of

a continuum and disfavors a scenario where these

EROs are intrinsically blue galaxies with high EW

emission lines masquerading as a red continuum.

• We investigate the likelihood and implications of

the different modeling scenarios using the 8 MIRI

and NIRSpec-detected EROs to test a variety of

codes with flexible options to characterize the stel-

lar continuum, emission lines, dust attenuation,

SFHs, etc. For scenarios where the LW bands

are dominated by a dusty galaxy, we find: 1)

SED models based on either parametric or non-

parametric SFHs and a Calzetti attenuation law

fail to reproduce the blue, rest-frame UV emis-

sion regardless of the modeling assumptions (age,

metallicity, etc.) and often lead to the largest stel-

lar masses, logM⋆/M⊙>10; 2) models with a flat-

ter, grey attenuation law provide a better fit the

UV region and lower stellar masses; 3) composite

SEDs with a dusty galaxy and either a blue galaxy

or a blue QSO dominating the SW bands also pro-

vide a good overall fit to SED and similar masses

to 1). For scenarios where the LW bands are dom-

inated by an obscured AGN, we find that models

based on an obscured QSO plus a blue galaxy dom-

inating the SW bands, or pure AGNmodels, where

a combination of obscured and scattered emission

by the torus dominates the whole SED, provide

a good fit to the overall SED and lead to stellar

masses for the galaxy host that are two orders of

magnitude lower than in the dusty galaxy domi-

nated scenarios, logM⋆/M⊙= 7− 8.

• Without photometry at mid-IR wavelengths, SED

modeling does not favor either of the galaxy-

dominated or AGN-dominated scenarios. The un-

resolved, point-like sizes, on the other hand, are

more suggestive of the AGN-dominated scenar-

ios and disfavor those where a composite SED is

caused by different stellar populations in distinct

regions of a galaxy.

• The number density arguments are also inconclu-

sive since both scenarios might have some issues

if any of the extreme properties are confirmed.

The dusty galaxy scenario would imply an increase

in the number density of very massive galaxies,

logM⋆/M⊙> 10.5, at z>7 of up to a factor of ∼ 60,

relative to the pre-JWST estimates even if just a

handful of them are confirmed to be that massive.

For the AGN-dominated scenarios, the bolometric

luminosities, derived by a simple dust correction of

a blue QSO template, would imply an unexpect-

edly large number, 4×10−5 Mpc−3, of obscured

but intrinsically luminous QSOs, Lbol=1046−47 erg

s−1, at z > 7, more than two orders of magnitude

larger than current densities of bright, blue QSOs.
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thesizer (Pérez-González et al. 2005, 2008a)

REFERENCES

Adams, N. J., Conselice, C. J., Ferreira, L., et al. 2023,

MNRAS, 518, 4755, doi: 10.1093/mnras/stac3347

Aird, J., Coil, A. L., & Georgakakis, A. 2018, MNRAS, 474,

1225, doi: 10.1093/mnras/stx2700

http://doi.org/10.1093/mnras/stac3347
http://doi.org/10.1093/mnras/stx2700


21

Akins, H. B., Casey, C. M., Allen, N., et al. 2023, arXiv

e-prints, arXiv:2304.12347,

doi: 10.48550/arXiv.2304.12347
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Alonso-Herrero, A., Pérez-González, P. G., Rigby, J., et al.

2004, ApJS, 154, 155, doi: 10.1086/422976

Arrabal Haro, P., Dickinson, M., Finkelstein, S. L., et al.

2023, arXiv e-prints, arXiv:2303.15431,

doi: 10.48550/arXiv.2303.15431

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L.,

et al. 2022, ApJ, 935, 167, doi: 10.3847/1538-4357/ac7c74

Bagley, M. B., Finkelstein, S. L., Koekemoer, A. M., et al.

2023, ApJL, 946, L12, doi: 10.3847/2041-8213/acbb08
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APPENDIX

A. SUMMARY OF MODELING ASSUMPTIONS

Here we provide additional details on the modeling assumptions adopted with each of the methods discussed in § 5.

For EAZYpy (Brammer et al. 2008) we use the default template set “tweak fsps QSF 12 v3” which consists of a set

12 templates derived from the stellar population synthesis code FSPS (Conroy et al. 2010). The templates cover a

wide range in age, dust attenuation, and log-normal star formation histories and they are computed using a Chabrier

(2003) IMF and Kriek & Conroy (2013) dust attenuation law.

For Synthesizer (Pérez-González et al. 2008a) we adopt the following assumptions: a delayed-exponential as the

SFH, with timescale values τ between 100 Myr and 5 Gyr, ages between 1 Myr and the age of the Universe at the

redshift of the source, all discrete metallicities provided by the Bruzual & Charlot (2003) models, a Calzetti et al.

(2000) attenuation law with V-band extinction values, AV between 0 and 5 mag, and a Chabrier (2003) IMF. Nebular

continuum and emission lines were added to the models as described in Pérez-González et al. (2008a). A Monte Carlo

method was carried out in order to obtain uncertainties and account for degeneracies (see Domı́nguez Sánchez et al.

2016).

For Prospector (Johnson et al. 2021; Leja et al. 2019) we adopt the following assumptions: we use the MIST stellar

evolutionary tracks and isochrones (Choi et al. 2016), a Chabrier (2003) IMF, a range in stellar metallicity between -1.0

and 0.19, and gas phase metallicity between -2.0 and 0.5. The ionization parameter for the nebular emission ranges

between -4. and -1. The nebular line and continuum emission is generated using the CLOUDY Ferland et al. (1998)

contained in FSPS and described in Byler et al. (2017). For the attenuation law, we use either Calzetti et al. (2000)

or the more complex dust attenuation model which combines the Charlot & Fall (2000) two-component, birth-cloud

vs. diffuse dust screens, approach with the Kriek & Conroy (2013) method that parametrizes the diffuse component

as a combination of a Calzetti attenuation plus a Lorentzian Drude to model the strength of the UV bump. Both

components are then modulated by a power-law factor that flattens or steepens the slope of the attenuation relative

to Calzetti. The parameters being fit in this case are the ratio of the nebular to diffuse attenuation, which ranges

between 0 and 2, but follows a clipped normal prior centered in 1, and the dust index of the power law, which ranges

between -1 and 0.4. One of the main advantages of Prospector is the possibility of using flexible star formation histories

(SFHs). For the purpose of our analysis, we explore 2 options: 1) a fiducial delayed τ -model, and a non-parametric

piece-wise SFH. The 1-population τ -model uses relatively wide priors on the stellar age, ranging between 1 Myr and

the age of the Universe at the redshift of each source, and the star formation scale factor τ from 100 Myr to 20 Gyr.

For the non-parametric model, we adopt the flexible SFH prescription (Leja et al. 2019) with 6 time bins and the

bursty-continuity prior (Tacchella et al. 2022). This model includes 5 free parameters which control the ratio of SFR

in six adjacent time bins; the first two bins are spaced at 0−5 Myr and 5−10 Myr of lookback time, and the remaining

four bins are log-spaced to a maximum age of 100 Myr.

For the hybrid galaxy - QSO model we combine a galaxy component derived from Prospector using the

fiducial τ -model with the QSO templates from Polletta et al. (2006). However, to provide more flexibility to the AGN

component we include an additional degree of freedom in the Prospector modeling that includes AGN emission lines

following the line ratios described in Richardson et al. (2014).

B. TABLE WITH THE REMAINING 29 EROS

Because of the interest in the peculiar sources for further analysis or follow-up, we list in Table 2 the properties of

the 29 remaining EROs in the color-selected sample of 37 objects, and we show 2.5′′×2.5′′color composite cutouts for

all them in Figure 10. In addition to the coordinates, we include in the table the photometric redshifts estimates with

EAZY and the stellar masses used in the number density estimates of § 6. As discussed in § 5.4, the values obtained

with FAST, Prospector-np and Synthesizer provide a representative range of the variations in the stellar masses from

the largest to the smallest values. We defer a more detailed, individualized analysis of the 29 sources, discussing the

AGN-dominated scenarios, to a future paper (Kocevski in prep.).
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Table 2. Table with the remaining 29 EROs

ID R.A. Dec. zphot logM⋆ logM⋆ logM⋆

(deg) (deg) [M⊙] [M⊙] [M⊙]

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

nircam1-1507 214.9372049 52.9653511 9.01+0.27
−1.53 10.23±0.20 10.29+0.23

−0.21 9.71±0.21

nircam1-2385⋆ 214.9984072 53.0046186 6.49+0.06
−0.09 11.16±0.20 10.90+0.06

−0.06 9.63±0.10

nircam1-2821†,⋆ 214.9568340 52.9731536 5.86+0.51
−0.03 9.63±0.20 9.22+0.51

−0.20 8.87±0.07

nircam1-10084†⋆ 214.9830364 52.9560063 7.51+0.75
−0.00 11.10±0.20 10.81+0.01

−0.02 10.76±0.07

nircam2-1604† 214.9022374 52.9393697 8.62+0.30
−0.21 9.96±0.20 8.92+0.18

−0.17 9.40±0.11

nircam2-3729⋆ 214.9257607 52.9456616 5.26+0.09
−0.09 10.02±0.20 9.87+0.10

−0.09 9.22±0.09

nircam2-6335⋆ 214.9272433 52.9338926 5.89+0.18
−0.12 10.23±0.20 10.09+0.05

−0.04 9.52±0.05

nircam2-9558† 214.8761458 52.8808258 8.95+0.15
−0.24 10.53±0.20 9.74+0.05

−0.05 9.93±0.06

nircam3-9524† 214.8066661 52.8378071 6.49+0.06
−0.09 9.68±0.20 9.76+0.02

−0.03 9.59±0.10

nircam4-2690 214.6951501 52.7485639 8.62+0.33
−0.48 10.61±0.20 10.32+0.16

−0.16 9.85±0.13

nircam4-6348 214.7953672 52.7888465 5.20+0.03
−0.03 11.12±0.20 10.66+0.09

−0.08 11.20±0.11

nircam5-3637 214.8922437 52.8774066 7.24+0.15
−0.15 10.89±0.20 11.03+0.02

−0.02 10.70±0.05

nircam5-4552 214.8967641 52.8757973 6.10+0.57
−0.48 9.09±0.20 9.44+0.50

−0.45 8.40±0.08

nircam5-9370 214.9102805 52.8600731 7.21+0.06
−0.54 9.23±0.20 7.65+0.03

−0.07 9.09±0.25

nircam7-4742 215.1314689 52.9849141 7.48+0.81
−0.21 10.63±0.20 10.21+0.10

−0.07 9.51±0.05

nircam7-4801 215.1370670 52.9885588 5.20+0.03
−0.03 10.28±0.20 9.80+0.10

−0.10 9.99±0.06

nircam7-5787 215.0617802 52.9311768 7.39+0.12
−0.15 10.47±0.20 9.16+0.28

−0.34 9.02±0.12

nircam7-5797 215.1437160 52.9888945 8.32+0.84
−0.30 9.84±0.20 8.72+0.25

−0.34 8.63±0.13

nircam7-10403 215.1072079 52.9428524 6.34+1.29
−0.54 8.60±0.20 9.94+0.33

−0.23 8.64±0.09

nircam7-12337 215.1370160 52.9556504 6.52+1.35
−0.39 9.82±0.20 9.58+0.22

−0.31 9.04±0.15

nircam7-13272 215.0817101 52.9122515 5.68+2.54
−0.99 10.32±0.20 11.01+0.38

−0.18 8.90±0.08

nircam8-8565 214.9799601 52.8610789 6.40+0.09
−0.09 10.40±0.20 10.29+0.02

−0.02 9.68±0.05

nircam8-13596 215.0802967 52.9079028 7.48+0.03
−0.12 11.30±0.20 10.60+0.01

−0.01 10.80±0.11

nircam9-3184 214.8864225 52.8233786 6.55+0.75
−0.45 9.27±0.20 9.49+0.48

−0.41 8.42±0.15

nircam9-5291 214.8760316 52.8061093 5.77+0.36
−0.03 9.98±0.20 9.74+0.12

−0.19 9.19±0.05

nircam9-6909 214.8945555 52.8121629 5.71+0.48
−0.57 10.00±0.20 10.80+0.06

−0.05 10.07±0.06

nircam9-9665 214.8998043 52.8015414 5.17+0.06
−1.74 10.33±0.20 9.82+0.08

−0.09 8.62±0.12

nircam9-12002 214.8964700 52.7876884 7.30+0.18
−0.27 10.44±0.20 10.80+0.07

−0.06 10.28±0.06

nircam10-1157 214.8513502 52.7992928 7.21+0.09
−0.06 9.79±0.20 9.00+0.70

−0.05 9.43±0.23

Note— (1) Source ID in the CEERS catalog. (2) Right ascension (J2000). (3) Declination (J2000). (4) Photometric redshift
in § 2.3. (5) Stellar masses derived using FAST. (6) Stellar masses derived using Prospector-np. (7) Stellar masses derived using
Synthesizer. † : This object is also studied in Labbé et al. (2023). ⋆ : This object is also studied in Pérez-González et al.
(2023a).
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Figure 10. Color composite (F277W+F356W+F444W) 2.5′′×2.5′′cutouts of the 29 other EROs in the color selected sample.
Similar to the 8 primary sources in Figures 5 and 6. These objects are also very red and remarkably homogeneous and compact.
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