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Abstract

Within the established framework of structure formation, galaxies start as sys-
tems of low stellar mass and gradually grow into far more massive galaxies[1, 2].
The existence of massive galaxies in the first billion years of the Universe, sug-
gested by recent observations, appears to challenge this model, as such galaxies
would require highly efficient conversion of baryons into stars[3–6]. An even
greater challenge in this epoch is the existence of massive galaxies that have
already ceased forming stars[7–9]. However, robust detections of early massive
quiescent galaxies have been challenging due to the coarse wavelength sampling
of photometric surveys. Here we report the spectroscopic confirmation with the
James Webb Space Telescope of the quiescent galaxy RUBIES-EGS-QG-1 at
redshift z = 4.90, 1.2 billion years after the Big Bang. Deep stellar absorption
features in the spectrum reveal that the galaxy’s stellar mass of 1011 M⊙ formed
in a short 200Myr burst of star formation, after which star formation activity
dropped rapidly and persistently. According to current galaxy formation mod-
els, systems with such rapid stellar mass growth and early quenching are too
rare to plausibly occur in the small area probed spectroscopically with JWST.
Instead, the discovery of RUBIES-EGS-QG-1 implies that early massive quies-
cent galaxies can be quenched earlier or exhaust gas available for star formation
more efficiently than currently assumed.

RUBIES-EGS-QG-1 was identified as a candidate massive quiescent galaxy at z > 4.5
based on its red color measured from photometry across 1–5 µm in the Extended
Groth Strip (EGS) obtained with the NIRCam instrument of the James Webb Space
Telescope (JWST) [10–12]. The source was subsequently selected as a target for spec-
troscopic follow-up with JWST/NIRSpec because of its red color, F150W−F444W =
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2.35, and bright apparent magnitude at long wavelengths, F444W = 22.5. The low-
resolution PRISM spectrum of RUBIES-EGS-QG-1 obtained with JWST/NIRSpec
(Figure 1) reveals deep Balmer absorption lines and a strong spectral break at a
rest-frame wavelength of 4000 Å, indicating a lack of star formation in its recent
history.

We detect the [O iii]λλ4960,5008, [S ii]λλ6718,6733 and blended Hα and [N ii]λλ6549,6585
emission lines in the PRISM spectrum. A grating spectrum of RUBIES-EGS-QG-1
with higher spectral resolution across 2.9–5.2 µm reveals weak Hα emission infilling the
stellar absorption feature and strong [N ii] emission at a redshift of z = 4.8976±0.0006

0.0010

(see Methods). A marginal detection of Hα implies log [N II]λ6585/Hα ≈ 0.5 and
exceeds the ratio that can be explained by photoionization from massive stars by a
factor ≈ 3[13]. Therefore, the emission lines do not appear to be connected to ongoing
star formation activity, but rather suggest the presence of an active galactic nucleus
(AGN), although we cannot rule out the presence of shocked gas[14]. Despite evidence
for an AGN, the deep Balmer lines, indicative of a post-starburst system[15], sug-
gest that the continuum emission of the spectrum is dominated by an evolved stellar
population.

The high redshift of RUBIES-EGS-QG-1 allows for stringent constraints on its
star formation history in the first billion years of the Universe. To measure the star
formation history, we use Prospector [16] to jointly fit a 21-parameter model to the
PRISM spectrum and the observed photometry from the Hubble Space Telescope
(HST) and JWST (see Methods for a complete description). In brief, the model star
formation history is parameterized as 14 time bins of constant star formation, with a
common metallicity, dust attenuation, intrinsic velocity dispersion, and stellar initial
mass function (IMF). We fit nebular emission lines using a simple model where lines
are approximated by Gaussian profiles but no assumption is made on the origin of
the emission, and utilize a 6th-order polynomial to account for uncertainty in the flux
calibration of the spectrum. We explore the effect of deviations in choices from our
fiducial model in the Methods.

The median model of the sampled posterior is shown in red in Figure 1. We find
a high stellar mass of 9.9 ±0.4

0.5 ×1010 M⊙, and a low star formation rate in the past
100 Myr, SFR100 = 4.0±3.5

1.0 M⊙ yr−1. Together, these correspond to a low specific star
formation rate of sSFR = 4.0
pm1.0

0.8 × 10−11 yr−1 cementing RUBIES-EGS-QG-1 as the highest-redshift spectro-
scopic confirmation of a massive quiescent galaxy to date. We infer low attenuation by
dust, with the V-band attenuation from our modeling Av = 0.17±0.06

0.05. The spectrum
unambiguously demonstrates the red rest-frame optical color is dominated by old stars
rather than dust-obscured star formation. This is corroborated by a non-detection in
NOEMA observations at 1.1 mm, which implies a 3σ upper limit on the dust-obscured
star formation rate of 120 M⊙ yr−1.

We show the resulting star formation history of the galaxy in the top panel of
Figure 2 in purple. RUBIES-EGS-QG-1 assembled its stellar mass within a short
burst of star formation, of ∆t = 180±170

10 Myr, that peaked at a star formation rate
of SFRpeak = 870 ±70

140 M⊙ yr−1. For our fiducial model, half of the stellar mass was
formed in the first tform = 480±30

10 Myr of cosmic time, which would mark it as one of
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Fig. 1 JWST/NIRSpec PRISM spectrum of the massive quiescent galaxy RUBIES-EGS-QG-1 at a
redshift of z = 4.8976. The inset shows the medium-resolution (NIRSpec G395M) spectrum around
the wavelength of Hα. Both spectra were calibrated to the measured photometry using Prospector .
The spectrum shows deep Balmer absorption lines, similar to post-starburst galaxies at lower redshifts,
and implies a lack of star formation in its recent history. The presence of the emission line doublets
[O iii], [N ii], [S ii], and the minimal inferred infilling of the Hα absorption line are consistent with
AGN activity.

the earliest-forming massive galaxies observed. We measure a corresponding quenching
timescale t90− tform = 100±10

10 Myr, indicating that the decline in star formation from
its peak in RUBIES-EGS-QG-1 was extremely rapid.

Crucially, we find that the inferred stellar mass, the duration of the star formation
burst, and the lack of recent star formation activity are largely robust against choices
made in the model parameterization and star formation history priors. A full descrip-
tion of models tested can be found in the Methods. However, we find that the age of
the stellar population depends strongly on the assumed metallicity of the system. Our
fiducial fit with the metallicity as free parameter indicates a low stellar metallicity
(≈ 0.2Z⊙), and an old stellar population that formed as early as zform = 10.0±0.4

0.2 and
stopped growing by z ≈ 8.6. Recent work has shown that the elemental abundance
patterns in high-redshift quiescent galaxies differ from the solar abundance patterns
typically used in stellar population modeling, which can lead to incorrectly inferred
stellar metallicities [17]. If we instead fix the metallicity of the stellar population to
the solar value, we infer a substantially younger population with a formation redshift
of zform = 6.3±0.1

0.2 as well as more recent quenching (shown as the blue curve on Figure
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2). Although we cannot robustly differentiate between these two star formation his-
tories with our current data, we stress that the stellar mass, the timescale and peak
of the burst of star formation and quenching timescale do not depend significantly on
metallicity.

We estimate the dynamical mass of the system using the observed widths of the
emission lines and the half-light radius measured from the F444W image, re = 0.55±
0.01 kpc (rest-frame wavelength of 0.75µm; see Methods): we find that Mdyn = 2.7±0.7

0.8

×1011 M⊙ is consistent with RUBIES-EGS-QG-1 being a very massive galaxy. The
dynamical mass is a factor 3 higher than the stellar mass estimate, although we note
that the estimated dynamical mass may be elevated by a factor 2 − 3 due to non-
gravitational motions of the ionized gas that we have not accounted for. As the centers
of high-redshift massive galaxies are expected to be dominated by stellar mass within
the effective radius[18], this suggests that the stellar mass is not substantially under-
or overestimated, despite uncertainties in the IMF assumed in our modeling.

The stellar mass surface density within the estimated half-light radius of Σ∗(<
re) = 5.2+0.2

−0.3 × 1010 M⊙ kpc−2 is high, but well within theoretical limits for the maxi-
mum surface density achievable in a short burst of star formation[19, 20]. It is also in
line with previous work at z < 3 which demonstrated a strong link between low specific
star formation rates and high central mass densities, with a threshold density for qui-
escence that increases toward higher redshift[21, 22]. This connection between galaxy
structure and the star formation history has been interpreted as a compaction event
followed by quenching due to feedback from intense star formation and an AGN[23],
and is consistent with the high [N ii]/Hα ratio observed in RUBIES-EGS-QG-1 that
is indicative of an AGN or shocked gas.

With a peak star formation rate of ≈ 870 M⊙ yr−1 at z > 6, RUBIES-EGS-QG-1
had a higher star formation activity than a large sample of the 40 most UV-luminous
sources at z ∼ 7 discovered over an area of 7 degree2[24]. Interestingly, the star for-
mation rate and its star formation rate surface density (ΣSFR ≈ 450 M⊙ yr−1 kpc−2)
are similar to the properties of the dusty star-forming galaxy G09 83808 at z ≈ 6 that
resembles a local ultra-luminous infrared galaxy[25] and the submillimeter galaxy
SPT0311-58 at z = 6.9 [26]. The star formation history of RUBIES-EGS-QG-1 also
matches well with the inferred star formation histories of the brightest red sources
found with JWST [27] at z ∼ 7, provided that the light emitted by these sources
originates from stars. These different observations suggest that the burst of star for-
mation that formed RUBIES-EGS-QG-1 could too have been strongly dust-obscured.
Such a link has also been suggested for the other spectroscopically-confirmed mas-
sive quiescent galaxy at z > 4.5 [9], observed at z = 4.658 with a stellar mass of
≈ 3.8×1010 M⊙ formed at zform = 6.9±0.2. In comparison with this source, however,
RUBIES-EGS-QG-1 stands out for being more than twice as massive. On the other
hand, a dust-obscured period of star formation may be difficult to reconcile with the
inferred low metallicity and the fact that to date no submillimeter galaxy has been
found at z > 8 with a star formation rate > 200 M⊙ yr−1[24, 28]. Therefore, this could
instead also imply that RUBIES-EGS-QG-1 is an exceptionally rare source, or that
the star formation history is either significantly more extended or more bursty than
inferred from our modeling. In the latter scenario, finding UV-luminous progenitors
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Fig. 2 The history of stellar mass growth in RUBIES-EGS-QG-1 . Top: Star formation history
inferred from the modeling to the PRISM spectrum and photometry for the fiducial (free-metallicity)
model (purple) and the fixed-solar metallicity model (blue). Dark (light) shaded regions indicate
the 1σ (2σ) confidence intervals of the posterior distributions. Bottom: The cumulative mass history
inferred from the star formation history of the two models. In orange we show the maximum stellar
mass formed for a typical halo at the observed number density of massive quiescent galaxies at
z > 4[10], assuming a universal baryon-to-total matter ratio (fB) and different baryon-to-stellar
conversion factors (ϵ). This indicates that a short (≈ 300Myr) burst of star formation with high
efficiency of ϵ > 0.2 is required to form RUBIES-EGS-QG-1 , corresponding to an efficiency at or
greater than the peak of the stellar-halo mass relation[29].

at z ∼ 10 may be difficult, as the probability of discovery depends on both the low
number density of extremely massive high-redshift galaxies and on the duty cycle of
star formation.

The mere existence of RUBIES-EGS-QG-1 provides an essential constraint on the
growth of the most massive galaxies in the early Universe. In the bottom panel of
Figure 2 we show the cumulative mass assembly history of the galaxy derived from the
modeled star formation history, subtracting mass returned to the interstellar medium
through stellar evolution, as a function of the age of the Universe. The small area tar-
geted with JWST spectroscopy in the RUBIES survey (≈ 100 arcmin2 thus far) implies
an observed number density of n ≈ 3×10−6 Mpc−3 at 4.5 < z < 5.5. Based on the pho-
tometric selection of candidate massive quiescent galaxies in JWST imaging[10], the
comoving number density of quiescent galaxies of similar mass to RUBIES-EGS-QG-
1 (M∗ > 1011 M⊙) is approximately equally low, n ≈ 4.5 × 10−6 Mpc−3 at 4 < z < 5.
We can hence use this number density to estimate the typical dark matter halo mass
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at a fixed redshift and derive an approximate limit on the total baryonic mass avail-
able within the halo[4]. This can then be converted to a maximum stellar mass at
a given redshift by assuming M∗(z) = ϵfBMhalo(z), where fB is the cosmic baryon
fraction (15.6%, [30]) and ϵ is the baryon-to-star conversion efficiency. We plot this
expected stellar mass for two values of the baryon efficiency: ϵ = 1 (i.e. assuming
total conversion of baryons to stars), and the efficiency at the peak of the stellar-halo
mass relation of ϵ = 0.2[29]. The cumulative mass assembly history of RUBIES-EGS-
QG-1 implies a high efficiency of star formation of ϵ > 0.2, and the low-metallicity
model even suggests that the galaxy is converting baryons to stars with near-perfect
efficiency.

Neither the extremely rapid mass assembly nor the early quenching of
RUBIES-EGS-QG-1 are consistent with predictions from large-volume (2003 −
8003 Mpc3) cosmological hydrodynamical (FLARES[31], Magneticum Pathfinder[32]
and TNG300[33]) and semi-analytic (GAEA[34], SHARK[35]) simulations of galaxy
formation. While some of these models are able to produce galaxies that are quiescent
at z ∼ 4.5 − 5.0 and as massive as RUBIES-EGS-QG-1 , such systems are extremely
rare: the comoving number densities are approximately 1 − 10 × 10−8 Mpc−3 in the
different simulations, and correspond to very massive haloes. In comparison with the
estimated number density of RUBIES-EGS-QG-1 , this implies a probability of 1%
(2σ outlier) that such a source is observed in the small area probed spectroscopically
with JWST (∼ 100 arcmin2 for the RUBIES program). However, at higher redshifts
the comoving number density of quiescent galaxies with stellar massses M∗ > 1011 M⊙
decreases dramatically, with most simulations containing zero such galaxies at z ≥ 5.
The inferred star formation history of RUBIES-EGS-QG-1 , where star formation is
quenched at z ≳ 5.5, therefore implies that it would be a significant outlier at earlier
times.

This indicates that the star formation and feedback recipes in the simulations
do not accurately capture the formation and quenching processes of early massive
galaxies. Alternatively, to reconcile the formation history of RUBIES-EGS-QG-1 with
simulations requires that our estimated observed number density is substantially over-
estimated, and that the galaxy instead resides in a very rare, and therefore massive,
halo (Mhalo ≳ 1013 M⊙ by z ∼ 5). The effects of cosmic variance may be large for
the relatively small area targeted spectroscopically with JWST: although unlikely, it
is possible that the observation of RUBIES-EGS-QG-1 is a ≳ 3σ chance finding and
indeed resides in a very massive halo.

We examine the environment of RUBIES-EGS-QG-1 for evidence of such a large-
scale overdensity by compiling all sources in the EGS with robust redshifts from JWST
spectroscopy, obtained from a mixture of JWST Cycle 1 and 2 programs using the
DAWN JWST Archive (see Methods). In total, we find 6 sources in the direct vicinity
of RUBIES-EGS-QG-1 with a redshift separation ∆z < 0.013 and projected separa-
tion of < 1 arcmin (< 2 comoving Mpc), and another 7 sources spread across the field
at the same redshift but with larger angular separation (Figure 3). Notably, we find a
clustering of 4 sources at a distance of ≈ 16 comoving Mpc from RUBIES-EGS-QG-1 ,
of which the brightest galaxy (measured at 4µm) is a sub-millimeter galaxy identi-
fied previously in SCUBA-2 data[36]. In comparison with the average density of the
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Fig. 3 Spatial clustering of spectroscopically-confirmed sources at z ≈ 4.90 (circles) around RUBIES-
EGS-QG-1 (red star). The submillimeter galaxy, the brightest source among the group of 4 at a
projected distance of 16 comoving Mpc, is indicated by a purple triangle. The background image
shows the NIRCam F444W mosaic of the EGS field. Compared to the typical projected spatial
clustering (within redshift ranges ∆z = 0.03) and redshift clustering (within apertures of radius
< 3Mpc) for galaxies in the redshift range 4 < z < 6 with robust redshifts from JWST spectroscopy,
RUBIES-EGS-QG-1 clearly resides in an overdense environment, forming the highest redshift known
overdensity hosting a massive quiescent galaxy. We show false-color images (created from NIRCam
F150W, F277W and F444W images) of RUBIES-EGS-QG-1 and its 6 nearby neighbors.

4 < z < 6 galaxy population, we find clear evidence for an overdensity at z = 4.90
within an aperture of π × 3 Mpc2 (as also suggested in previous literature[37, 38]),
forming the highest redshift overdensity containing a massive quiescent galaxy found
thus far[39]. However, based on these data alone, we cannot conclusively determine
whether the region indeed represents an extremely massive halo, and whether the
other 7 sources are associated with the overdensity.

The fact that the galaxy resides in an overdense environment may also point to
substantial ex-situ mass accretion, in addition to in-situ star formation. A major
merger between two approximately equally massive systems would provide a rapid
accretion of stellar mass, allowing for more conventional star formation efficiencies.
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Moreover, major mergers have been proposed as a quenching mechanism[40]. How-
ever, equal-mass mergers between massive galaxies are exceptionally rare at z > 5, as
the simulations predict a number density of ≲ 10−8 Mpc−3 for such systems. We also
do not find signatures of recent merging in the morphology of RUBIES-EGS-QG-1
(Figure 3; Methods).

Clearly, the rapid assembly of RUBIES-EGS-QG-1 and its early quenching requires
an extreme formation scenario. In the context of recent studies that have reported
candidate massive galaxies at z > 6[3] and massive quiescent galaxies with formation
times at z ≳ 6[11, 41–43], RUBIES-EGS-QG-1 stands out for its very high stellar
mass, high redshift and deep Balmer absorption features that unambiguously set its
formation at z > 6. Although theoretical models can form extremely massive galaxies
at early epochs, and some also produce quiescent galaxies at z > 5, the number
densities of these sources are extremely low. In the case of RUBIES-EGS-QG-1 , this
may indicate that the galaxy lies in an extremely rare, massive halo for its redshift, or
the exceptional detection of a major merger between two massive galaxies. However,
both of these scenarios are expected to be very rare (≲ 0.1 per degree2), and the
area covered by JWST spectroscopy thus far is small. The direct implication of the
existence of RUBIES-EGS-QG-1 is therefore that the star formation and feedback
prescriptions in theoretical models require revision, as the model universes currently
cannot reproduce the stellar mass growth and early quenching required to match the
inferred abundance of massive quiescent galaxies.

9



Methods

1 Spectroscopic data

The RUBIES program (GO-4233; PIs A. de Graaff and G. Brammer) is a JWST Cycle
2 program using the NIRSpec microshutter array (MSA)[44] to observe galaxies in
the CANDELS EGS and UDS extragalactic deep fields [45, 46]. Specifically, RUBIES
targets galaxies detected in F444W from JWST/NIRCam imaging in the Cosmic Evo-
lution Early Release Science (CEERS; program #1345; PI S. Finkelstein) and Public
Release IMaging for Extragalactic Research (program #1837; PI J. Dunlop) surveys,
and is optimized to reach high spectroscopic completeness for bright and red sources
at z > 3. Thus far, the survey has targeted an area of approximately 100 arcmin2.
Details about the target selection and prioritization is described in [47].

RUBIES-EGS-QG-1 (R.A. 214.9155459, Dec. 52.9490183) was observed in March
2024 as part of the observations in the EGS field. The MSA pointings were observed
for 48 minutes each in the PRISM/CLEAR and the G395M/F290LP spectroscopic
modes. Each target was observed in a 1×3 configuration of open microshutters, with
a 3-point nodding pattern. The spectra were allowed to overlap on the detector in
the G395M exposures as most sources have faint enough continua to not severely
contaminate other spectra.

The NIRSpec data are reduced using the msaexp[48] pipeline version 3, the details
of which are described in [47]. Briefly, in comparison to version 2 of the pipeline
described in [49] we use updated reference files for improved flux calibration. In addi-
tion, we leverage empty sky shutters from the RUBIES program to derive custom
bar shadow corrections, which we find provide a substantial improvement over the
default reference files, removing strong (∼ 10% level) unphysical discontinuities in
the extracted spectrum. We also use the empty sky shutters to construct a global
background subtraction for the PRISM spectra. We use local background subtraction
from the nodded exposures for the G395M spectrum, as the overlapping traces on the
detector in this mode make it difficult to construct a global background solution. A
Gaussian profile is fit to the 2D PRISM spectra to estimate the intrinsic width and
centroid of trace. The 1D spectra for both dispersers are then extracted using this
Gaussian profile with an optimal weighting[50]. We scale-up the 1-σ errors on the
1D extracted spectrum by a factor of 1.7 to account for under-estimated uncertain-
ties when comparing the pixel-to-pixel variations with the msaexp-derived errors [as
described in 51]. The final flux calibration of the RUBIES-EGS-QG-1 spectrum is per-
formed by matching the continuum level in the PRISM to the multi-band photometry
from HST and JWST/NIRCam, as described in the next Section.

2 Photometric data

We use publicly available JWST/NIRCam imaging from the CEERS program[52] as
well as program GO-2234 (PI: Bañados; Khusanova et al. in prep.), which combined
provide 8 bands of photometry (F090W, F115W, F150W, F200W, F277W, F356W,
F444W and F410M).
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Fig. 4 NIRCam F115W and F444W image cutouts of RUBIES-EGS-QG-1 . Orange lines show the
location of the NIRSpec microshutters.

We use the reduced image mosaics from the DAWN JWST Archive (DJA; ver-
sion 7.4). All images were reduced using grizli [53] and have a pixel scale of
0.04 arcsec pix−1 (see also [10] for further details on the reduction). Next, we use empir-
ical point spread function models (PSF) to construct mosaics that are PSF-matched to
the F444W mosaic, as described in [54]. We measure fluxes in circular apertures with
a radius of 0.25 arcsec from the PSF-matched photometry, centered on the centroid
position estimated by running SourceExtractor[55] on an inverse-variance weighted
stack of the F277W, F356W and F444W bands.

We show image cutouts of the F115W and F444W NIRCam filters in Figure 4, and
include the position of the NIRSpec microshutters. The centroid of RUBIES-EGS-QG-
1 is located in the bottom of the microshutter, with some of the light falling on the bar
between two microshutters. Due to the large variation in the PSF width as a function
of wavelength, the slit losses introduced by the bar shadow are highly complex, the
effect of which we discuss further in Section 3. We also find a faint blue clump in
the F115W image, located ≈ 0.2 arcsec from RUBIES-EGS-QG-1 . In Section 5 we
show that emission lines from this source reveal that it is a satellite with a velocity
separation of ≈ 600 km s−1.

3 SED modeling

In order to measure the stellar population properties of RUBIES-EGS-QG-1 , we uti-
lize the Bayesian SED fitting code Prospector [16, 56, 57] to fit non-parametric star
formation histories to the NIRSpec/PRISM spectrum and the JWST/NIRCam pho-
tometry of this galaxy. We enforce a signal-to-noise ceiling of 20 on our photometric
measurements to account for systematic uncertainties in the underlying stellar pop-
ulation models. We utilize the Flexible Stellar Population Synthesis (FSPS) stellar
population synthesis models [58, 59], the MILES spectral library [60], and MIST
isochrones [61, 62]. We assume a Chabrier initial mass function [63] and fix the model
redshift to zprism = 4.906, the PRISM spectroscopic redshift estimated with msaexp,
which differs slightly from the redshift derived from the G395M spectrum due to wave-
length calibration uncertainties between the NIRSpec dispersers[64]. We mask the
outer edges of the spectrum, to avoid uncertainties in modeling absorption from the
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Fig. 5 The covariant posteriors for a selected set of parameters in our fiducial fit with Prospector ,
with contours bounding 68% and 95% of the likelihood and dashed lines capturing the 95% confidence
interval on the marginalized posteriors.

intergalactic medium (i.e. blueward of rest-frame 1200 Å) and the absolute flux cali-
bration at the edge of the NIRSpec CLEAR filter where we do not have photometric
coverage (> 5.1µm).

Our fiducial star formation history parameterization is a 14-bin non-parametric
model utilizing the Prospector continuity prior, with the logarithmic ratio between
neighboring bins fit with a Student’s t-distribution prior centered 0 with a width of
0.3 and ν = 2 following [65]. We divide the most recent 100 Myr of star formation into
three bins of width 5, 25, and 75 Myr respectively to provide fine sampling of the most
recent star formation history, and fill the remaining age of the universe with eleven
linearly spaced 100 Myr bins. We assume a two-parameter dust law with free Av and
dust index spanning [0,2.5] and [-1,0.4] respectively [66], and we fix the attenuation
around young (t < 107 Myr) stars to be twice that of the older populations. We fit
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for a free logarithmically sampled stellar metallicity in the range of [0.1Z⊙, 2Z⊙]. We
perform sampling using the dynesty nested sampling package [67].

In order to account for the NIRSpec/PRISM resolution, we convolve all mod-
els using the JDOX PRISM resolution curve scaled by a multiplicative factor of
1.3 as in [68], which approximates the line spread function of a compact source.
As RUBIES-EGS-QG-1 is quite massive, we expect there to be significant intrinsic
broadening of the stellar continuum due to the random motions of stars. As such,
we fit for an additional free continuum velocity dispersion, with a deliberately large
prior (σsmooth = [0, 1000] km s−1) that can also account for uncertainty in the precise
normalization of the NIRSpec line spread function. We additionally account for uncer-
tainty in the NIRSpec flux calibration by fitting using the Prospector PolySpecModel

prescription, which marginalizes out a 6th order multiplicative polynomial in order to
rectify the observed spectrum to the model during each likelihood call. The choice to
calibrate out such a high-order polynomial was motivated by the significant wavelength
baseline (∼ 5 µm) of the PRISM spectrum coupled with the considerable uncertainty
in the flux calibration on small scales due to the effect of differential slit losses. Because
the source is located partially on the bar between two shutters (Figure 4) and the
PSF of JWST depends strongly on wavelength, the effect of the bar shadows also
has a strong wavelength dependence. Our empirical bar shadow correction (Section 1)
derived from blank sky shutters provides only a first order correction of this effect, as
the sky emission fills the slit uniformly, but the morphology of RUBIES-EGS-QG-1
follows a steep Sérsic profile (Section 6). This conservative approach utilizes the spec-
trum only for sharp spectral features such as emission or absorption lines and spectral
breaks, and relies on the better-calibrated photometry to fix the shape of the spectral
energy distribution. We note that using a lower-order polynomial (e.g. n = 1) yields
a similarly old, low-metallicity stellar population (also shown in Figure 6), although
with a marginally lower stellar mass and more extended star formation history than
our fiducial fit. However, we find that this fit has a significantly higher χ2 value
(χ2

n=1 −χ2
n=6 ≈ 100) and shows oscillatory features in the residuals, indicative of flux

calibration issues.
Finally, we account for nebular emission in key emission lines (Lyα1216,

[OII]λλ3727,3729, [OIII]λλ4960,5008, Hδλ4103, Hγλ4342, Hβλ4864, Hαλ6564, [NII]λλ6549,6585,
and [SII]λλ6718,6733) using the Prospector nebular marginalization procedure, fitting
for emission lines in the residual spectrum using a least squares algorithm and incorpo-
rating those models in each likelihood call. This procedure allows the emission lines to
be produced without ascribing the emission to a specific source; this is important given
the strong evidence for non-star formation sources of ionizing radiation (see Section 5),
although our conclusions are unchanged if we do allow for physical nebular infilling of
the Balmer absorption lines. Similar to the stellar continuum, we convolve all emis-
sion lines with a free emission line velocity dispersion σgas = [0, 1000] km s−1, where
we assume all emission lines have the same width. In Figure 5, we show the covariant
posteriors for key parameters characterizing RUBIES-EGS-QG-1 and demonstrating
that the fits are well converged.
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Fig. 6 A comparison of the posteriors of our fiducial (purple), delayed-tau (green), our rising SFH
prior (red), fixed Z = Z⊙ (blue), and n=1 polynomial (grey) models, showing the age of the universe
when 50% of the galaxy’s mass formed, tform, against the covariant parameters of AV (top left), star
formation rate (top center), stellar mass (top right), metallicity (middle left), t90, (the age of the
universe when 90% of the galaxy’s mass formed, middle center), σsmooth (middle right), SFRpeak

(bottom left), star formation duration timescale (t90−t10, bottom middle), and star formation decline
timescale (t90 − tform, bottom right). Black dashed lines indicate the age of the universe at the time
of observation. The fiducial fit, the rising SFH prior fit, and the delayed-tau fits generally agree
in reaching old, low-SFR, low-dust, metal-poor solutions. However, fits where we require that the
average stellar metallicity to be solar result in a later-forming, more star forming, and dustier galaxy.
In the bottom row, we highlight that even when metallicity is fixed to solar, the constraints on the
peak star formation rate and the need for a rapid period of intense star formation are consistent with
the earlier-forming fiducial model.

4 Star formation history testing

The central result of the star formation history fitting of RUBIES-EGS-QG-1 is the
finding that the galaxy assembled its high (∼ 1011 M⊙) stellar mass and ceased forming
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stars within only the first billion years of cosmic time, straining galaxy evolution
models. Here, we explore how different choices about the parameterization of the star
formation history or our priors could impact the inferred age of this system.

First, we examine the impact of choosing a different parameterization of the star
formation history. Non-parametric models for the star formation history are commonly
chosen because of their flexibility to account for a wide range of star formation history
shapes, but such parameterizations systematically measure older ages with increased
uncertainty [69]. As a soundness check, we perform our fiducial fit with a star formation
history parameterized with the commonly utilized delayed-τ (SFR ∝ te−t/τ ) with just
three free parameters describing the star formation history, rather than fourteen. We
find that this parametric star formation history almost identically recovers that of the
non-parametric model, measuring tform = 480±30

40 and recovering similar posteriors for
the star formation rate, stellar mass, metallicity, and t90 (see Figure 6 and Table 1),
albeit with a slightly longer t90 − t10.

Second, we test our non-parametric star formation history against the choice of
prior to mitigate the concern that the inferred star formation history is prior-driven
[65, 70]. Instead of the flat prior assumed in our fiducial setup, we impose a rising
star formation history prior, as expected from e.g., [71, 72], by shifting the mean
logarithmic ratio of our Student’s-t prior from 0.0 to 0.3 and re-running our fiducial
fit. We find that our measurement of tform is largely insensitive to the imposition of
this prior, and the galaxy is still fit as ∼ 550 Myr old, in spite of a slight increase in
implied star formation rate and formation time.

We find that both the fiducial fit (insensitive of SFH prior) and delayed-tau fits
converge to sub-solar metallicities, with all models suggesting that the metallicity of
RUBIES-EGS-QG-1 is 15-20% solar. Our measurements of metallicity are indirect, in
the sense that they are sensitive to the shape of the SED rather than specific spectral
features, due to the low resolution of the PRISM spectrum and the relative weakness
of metal-sensitive features as compared to the bright A-type stars that dominate the
light of RUBIES-EGS-QG-1 . However, these measurements are qualitatively consis-
tent with the finding that massive quiescent galaxies at z > 1.4 are metal poor relative
to solar abundances [17, 73] and with comparably high redshift massive systems [11].
On the other hand, because of a lack of very young metal-poor stars in the Milky
Way, empirical model libraries suffer from calibration issues for young ages and low
metallicities, which together with uncertainties in the stellar isochrones can have a
significant effect on the shape of the continuum of the resulting SPS models [74, 75].
We find that fits utilizing the C3K theoretical stellar libraries [76] rather than the
empirical MILES libraries result in low-metallicity solutions within ∼ 0.1 dex of our
fiducial runs and with comparable age measurements, highlighting that the prefer-
ence of our fits to these low-metallicity solutions is insensitive to the choice of model
libraries. Importantly, however, these model libraries all assume solar abundance pat-
terns. Recent results indicate that deviations in the elemental abundance patterns
from the solar abundances used in the SPS models can also lead to incorrectly inferred
metallicities[17]. Given that we measure very high [N ii]/Hα, which can locally only be
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produced in AGN with high metallicity [77], we also fit the galaxy under the assump-
tion of solar metallicity to quantify the effect that a model mismatch would have on
the star formation history we infer.

We find that fixing the metallicity to solar has affects the goodness of fit, as evi-

denced by the slightly worse χ2

Ndata
values of the fit (see Figure 6). However, this

difference is largely driven by differences in the subtle shape of the rest-UV, where the
NIRSpec PRISM resolution is worst and where stellar population libraries differ sig-
nificantly. As such, it is difficult to reject this solution, even if models formally favor
low metallicity solutions. The choice to fix the metallicity to solar has a negligible
effect on the measured stellar mass, moving the median value by ∼ 0.05 dex, but has
a considerable impact on the inferred star formation history. At solar metallicity, the
observed spectrum and photometry of RUBIES-EGS-QG-1 is best described by a stel-
lar population that formed 50% of its mass ∼400 Myr later than the low-metallicity
fiducial model. The fit still implies that galaxy assembled the majority of its mass
within the first Gyr of cosmic time at the 2σ level, but the measured redshift where
the galaxy had assembled 90% of its mass (and can be considered to have quenched)
shifts from 8.6±0.1

0.1 in the fiducial model to 5.7±0.1
0.0 in the fixed-metallicity model. The

fixed-metallicity fit also implies a very similar burst-shape to the fiducial fit; despite
the later-formation time, the estimated peak star formation rate, star formation dura-
tion, and star formation decline timescale (see the bottom panels in Figure 6) match
quite closely between all models. Finally, the fixed-metallicity star formation history
still implies an extremely efficient star formation history, requiring ϵ > 0.2 for the
estimated number density of the source (see Figure 2).

Future deep observations that can directly measure metal-sensitive features and
that are less beholden to the low resolution of the NIRSpec/PRISM will be able to
place more robust constraints on the precise age, metallicity, and dust content of
this system. However, despite uncertainty in the exact age of the stellar population,
the observed PRISM spectrum and photometry unambiguously demonstrates that
RUBIES-EGS-QG-1 is a massive (M∗ ≈ 1011 M⊙) quiescent galaxy that assembled the
majority of its mass within the first ∼1 Gyr of cosmic time before rapidly quenching
at z > 5.5, which strains current theoretical models (see Section 8).

5 Emission line fitting

The G395M spectrum obtained with JWST/NIRSpec (Figure 7) has a higher spectral
resolution (R ∼ 1000 − 1500) and resolves the emission line doublets and Hα and
[N ii] complex that are blended in the PRISM spectrum. We also find several emission
lines that are spatially offset from the spectrum of RUBIES-EGS-QG-1 . Crucially, we
find that the lines at 2.95µm and 3.85µm lines are present in both the PRISM and
G395M 2D spectra. We identify these lines as [O iii] and Hα emission from the faint
blue source found in the F115W image (Figure 4). Additionally, there is one emission
line present in the spectrum at 3.80µm, which is not seen in the PRISM spectrum
and implies that it originates from a different source on the NIRSpec MSA: the 2D
spectra for the two sources overlap on the detector, because the G395M spectra are
longer than the PRISM traces.
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Table 1 The resultant median and 1σ confidence intervals on a number of key galaxy
parameters.

Fiducial Delayed-Tau Rising Z = Z⊙ n=1

log(M⋆/M⊙) 11.0±0.02
0.02 10.95±0.04

0.03 10.99±0.03
0.02 10.94±0.05

0.03 10.92±0.01
0.01

SFR10 [M⊙/yr] 3.4±3.3
1.0 2.0±0.9

0.6 7.2±3.0
2.5 28.8±7.8

8.0 0.0±0.2
0.0

SFR100 [M⊙/yr] 4.0±1.0
0.9 2.9±1.3

0.9 7.2±3.0
2.5 27.4±6.4

15.4 0.4±0.8
0.4

SFRpeak [M⊙/yr] 870±70
140 470±60

40 910±140
100 660±270

160 260±60
30

tform [Myr] 480±30
10 480±30

40 530±10
10 890±20

30 570±50
50

zform 10.0±0.2
0.4 9.9±0.6

0.4 9.3±0.1
0.1 6.3±0.2

0.1 8.8±0.7
0.5

t90 [Myr] 590±10
0 710±20

30 590±0
0 1000±10

30 800±30
30

z90 8.6±0.1
0.1 7.4±0.2

0.2 8.5±0.0
0.0 5.7±0.1

0.0 6.8±0.2
0.2

t90 − tform [Myr] 100±10
10 230±20

20 60±10
10 110±20

20 230±40
30

t90 − t10 [Myr] 180±170
10 350±30

30 180±20
10 190±270

10 520±40
70

AV [mag] 0.17±0.05
0.05 0.13±0.11

0.06 0.18±0.08
0.05 0.48±0.06

0.13 0.06±0.02
0.01

log(Z/Z⊙) −0.73±0.02
0.02 −0.75±0.02

0.02 −0.74±0.02
0.02 0 −0.67±0.04

0.04

1SFR averaged over the 10 Myr over observation
2SFR averaged over the 100 Myr over observation
3The age of the universe when 50% of the galaxy’s mass formed
4The age of the universe when 90% of the galaxy’s mass formed
5AV surrounding t > 10 Myr stars. Our models assume AV is doubled around t < 10 Myr stars.

We perform a simultaneous fitting to the continuum and [O iii], [N ii], [S ii] dou-
blets. Although the extraction kernel used to obtain the 1D spectrum mitigates
contamination from the satellite and spurious sources, some emission from these
sources still appears. We therefore mask the contaminant emission line at 3.80µm,
but explicitly include the [O iii] and Hα lines of the satellite source in our model.
We model each emission line with a Gaussian line profile. The line ratio of [N ii] is
fixed to 1:2.94, and that of [O iii] to 1:2.98. Given the limited signal-to-noise ratio of
the emission lines, we assume that all emission (and absorption) lines have the same
velocity dispersion, which is a free parameter in the fit. We also include an Hα emis-
sion line component, to estimate the infilling of the Balmer absorption line. As the
Hα emission may have a different origin from the other emission lines, we leave its
velocity dispersion as an additional free parameter. To model the continuum, we use
the deconvolved median posterior model from our Prospector fitting to the PRISM
spectroscopy. We fit a 1st-order polynomial between this continuum and the G395M
spectrum to flux calibrate the spectrum. We assume all components (except for the
satellite source) are at the same redshift.
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Fig. 7 JWST/NIRSpec medium-resolution spectrum of RUBIES-EGS-QG-1 , resolving the [O iii],
[N ii], and [S ii] doublets, and the Hα line. The 1σ uncertainties are show in gray. The shaded region
marks wavelengths that were masked in the fitting, as this emission originates from a source in a
different slit in the MSA. The dark blue line shows the median posterior model of the stellar continuum
from Prospector . Colored lines show the median posterior models of the emission lines, and the
cyan line shows the combined continuum and emission line model. Emission lines originating from a
satellite source in the same microshutter, apparent from their spatial offset in the 2D spectrum, are
shown with pink dashed lines.

The model is convolved with a custom line spread function (LSF), tailored to
the morphology of RUBIES-EGS-QG-1 based on the Sérsic fit at 4µm[78]. We allow
for uncertainty in the LSF following the method described in [79]. To estimate the
posterior distributions of the parameters, we use the emcee package to perform Markov
Chain Monte Carlo (MCMC) sampling. We adopt uniform priors for all parameters,
allowing for velocity dispersions in the range σgas ∈ [0, 750] km s−1. We set a broader
prior for the Hα velocity dispersion, σHα ∈ [0, 1500] km s−1, to test whether there is
evidence for a broad line AGN.

The emission line fluxes are reported in Table 2. We show the median poste-
rior model of the combined continuum and emission line fitting in Figure 7, as
well as the individual emission line and continuum components. From the fitting
we obtain a redshift of zspec = 4.8976+0.0006

−0.0010 and ionized gas velocity dispersion

of σgas = 414+56
−64 km s−1; we find that the velocity dispersion of the Hα line con-

verges to a similar value σHα = 461+163
−150 km s−1. The satellite source has a redshift of

zspec = 4.8885+0.0009
−0.0009 and is thus offset by approximately 600 km s−1 in the rest frame.

We find very weak Hα emission, marginally detected at the 2σ level. We hence
measure the emission line ratio log([N ii]λ6585/Hα) = 0.50+0.34

−0.25. Although the Hβ
line falls outside of the wavelength range covered by the G395M spectrum, we can
obtain a lower limit on the Hβ emission line flux by assuming case B recombination
(i.e. Hα/Hβ = 2.86): in this case, the lower limit on the ratio log([O iii]λ5008/Hβ) =
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0.50+0.31
−0.26. These line ratios indicate that the line emission in RUBIES-EGS-QG-1

does not originate from star formation[13]. Although shocked gas also results in high
[N ii]/Hα line ratios, the ratio inferred from the spectrum and lower limit on the
[O iii]/Hβ ratio are most likely consistent with ionization by an AGN[14, 80, 81].

We use the ionized gas velocity dispersion to estimate the dynamical mass using
the methodology presented by [82] to relate the gas kinematics to the gravitational
potential for compact quiescent galaxies. This assumes the gas forms a rotating disk,
with a rotational velocity that is related to the integrated gas velocity dispersion and
the inclination (i) of the disk: vrot = σgas/(α sin(i)), where α ≈ 0.8. Based on our
morphological modeling (Section 6) we find that the projected axis ratio q ≈ 0.85,
and assuming an intrinsic disk thickness of q0 = 0.2 this implies i = 32.5 degrees. The
dynamical mass is computed as Mdyn = 2v2rotre/G, where re is the inferred half-light
radius (Section 6), and G the gravitational constant. With re = 0.55 ± 0.01 kpc, we
find Mdyn = 2.7+0.7

−0.8 × 1011 M⊙, a factor ≈ 3 higher than the measured stellar mass.
We note that the gas kinematics may be a biased tracer of the gravitational potential,
as the observed stellar and ionized gas kinematics for a large sample of galaxies at
z ∼ 1 have been shown to agree well on average[83], but with a systematic offset of
approximately 0.2 dex for σgas ∼ 400 km s−1. This may imply that the dynamical mass
is overestimated by 0.4 dex (a factor 2.5, Mdyn ≈ 1.1 × 1011 M⊙), which is consistent
with the estimated stellar mass.

Table 2 Emission line fluxes of
RUBIES-EGS-QG-1 measured
from the G395M spectrum.

flux
[10−18 erg s−1 cm−2]

[O iii]λ4960 1.04+0.31
−0.28

[O iii]λ5008 3.09+0.92
−0.83

[N ii]λ6549 3.09+0.46
−0.51

Hα 2.87+1.45
−1.43

[N ii]λ6585 9.09+1.36
−1.49

[S ii]λ6718 1.36+0.91
−0.55

[S ii]λ6733 0.88+0.60
−0.54

6 Size measurement

We measure the effective radius (re) of RUBIES-EGS-QG-1 as a function of wave-
length using the GALFIT [84, 85] single component Sérsic fitting methods from [86] in
all available filters (F115W, F150W, F200W, F277W, F356W, F410M, and F444W),
corresponding to rest-frame wavelengths in the range ∼ 2000 to 7500 Å.

All filters are processed following the procedure described in [87]. Parameters are
constrained in the model fits as follows: the magnitude can range ±3 mag from the
photometric catalog value, radius varies from 0.01 < re < 400 pixels, Sérsic index can
range from n = 0.2 to n = 10, and axis ratio from q = 0.0001 (flat) to q = 1 (round).
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Fig. 8 Sérsic profile fitting for the F444W image reveals a compact light distribution (n ≈ 9,
re ≈ 0.55 kpc).

Next, sizes are corrected to account for residual flux using the methods of [88]. The
growth curve from the best-fit Sérsic model (deconvolved from the PSF) is added to
the GALFIT residual growth curve. We extrapolate the combined growth curve using
the Sérsic model alone when the annular S/N< 3 for the science image. The corrected
radius is then defined as the radius where the residual+unconvolved Sérsic growth
curve reaches 50%.

We find that RUBIES-EGS-QG-1 is remarkably compact, although we unambigu-
ously resolve this galaxy in F356W, F410M, and F444W. The F444W fit is shown in
Figure 8, with a very compact profile (n = 8.80±0.14) and a corrected half-light radius
of re = 0.55 ± 0.01 kpc (consistent with [89]). The F356W and F410M fits find simi-
lar Sérsic index (8.77 and 8.15, respectively) and corrected radii (0.50 and 0.58 kpc),
indicating a flat color gradient in the rest-frame optical (3400Å to 7500Å). Given the
rapid assembly and quenching of RUBIES-EGS-QG-1 it is not surprising to find a flat
color gradient [see, e.g., 90]. The shorter wavelength images (rest-frame < 3000Å) are
very compact and have trouble converging to accurate fits without hitting the n = 10
upper limit.

7 Environment at z = 4.9

Recent studies have speculated on the existence of an overdensity at z ≈ 5 in the EGS
field, based on a clustering of photometric redshifts[38], and a sample of 4 spectro-
scopic redshifts at z ≈ 4.90 obtained with JWST/NIRSpec[37]. With the addition of
RUBIES-EGS-QG-1 , this gives a sample of 5 spectroscopic redshifts.

To search for further evidence of a large-scale overdensity, we leverage all available
spectroscopic redshifts from JWST/NIRSpec in the EGS field. These spectra come
from different JWST Cycle 1 and Cycle 2 programs: the CEERS program, a Director’s
Discretionary Time program (DDT, #2750; PI Arrabal Haro), and the RUBIES pro-
gram. All data on the DJA were reduced using the msaexp pipeline[48], in the same
manner as described in Section 1. Redshifts were obtained from the spectra using
χ2 minimization template fitting with msaexp, and visually inspected to evaluate the

20



quality of the redshifts. The redshifts are predominantly derived from PRISM spec-
troscopy, although approximately half of the sources in CEERS were observed with
the medium-resolution gratings only. We begin by compiling all sources with robust
redshifts (grade = 3 from visual inspection) in the range 4 < z < 6 from the DJA,
which results in 193 sources from RUBIES, 123 from CEERS and an additional 20
from the DDT program. Of these 336 sources, 289 are detected in NIRCam imaging,
with the remainder falling outside of the NIRCam footprint.

We select galaxies within ∆z = ±0.0135 (∆v = 4000 km s−1) from the redshift of
RUBIES-EGS-QG-1 , chosen based on the typical redshift ranges used to search for
overdensities (from the compilation in [91]), which is sufficiently large to account for
systematic uncertainties in the wavelength calibration of NIRSpec[64]. In total, we
find 13 sources in this velocity range around RUBIES-EGS-QG-1 (Figure 9, Table 3),
4 of which were published previously. Of these 13 sources, 6 have a close angular
separation to RUBIES-EGS-QG-1 of < 1 arcmin, corresponding to < 400 kpc or < 2
comoving Mpc. We identify another clustering of 4 sources at a distance of ≈ 7 arcmin
(≈ 16 comoving Mpc) from RUBIES-EGS-QG-1 . Interestingly, the brightest source
in the F444W imaging among these four (RUBIES-EGS-14295) is a submillimeter
galaxy identified from SCUBA-2 850µm data (S2CLS-EGS-850.061; [36]), and implies
a high star formation rate. The remaining three sources are scattered across the field
at varying distances.

The typical NIRSpec MSA can target approximately ∼ 200 sources simultaneously,
which generally leads to a complex selection function, in which high-priority targets
have a high probability of being allocated a shutter, and any individual galaxy in the
broader population has a low probability of being observed[44, 64, 92]. As a result, the
spectroscopic completeness is likely to be low at intermediate redshift, as the science
objective of the majority of programs focuses on galaxies at z > 6. Because of this
incompleteness, it is difficult to quantify the overdensity of the spectroscopic targets at
the redshift of RUBIES-EGS-QG-1 to estimate its halo mass. However, we can use the
4 < z < 6 galaxy population with robust spectroscopy to assess qualitatively whether
RUBIES-EGS-QG-1 is likely to be part of an overdensity. Under the assumption that
sources in this redshift range are targeted with approximately equal probability, we can
estimate the the typical clustering of galaxies in redshift space and projected distance.

To assess the expected clustering in redshift space, we select the 50 brightest sources
in F444W NIRCam imaging among the 336 spectroscopic targets. We then search for
sources within a radius of 3 comoving Mpc, approximately 3 times the virial radius
of a moderately-sized cluster at z = 0 (Mhalo ∼ 1014.5 M⊙), and compute the redshift
separation between each source and the brightest galaxy. The corresponding distribu-
tion in redshift space peaks at ∆z = 0, but is very broad (Figure 3). Within a range of
∆z = 0.027, we find that the overdensity around RUBIES-EGS-QG-1 is significantly
(3.1σ) above this background level. If we use a larger aperture, we find only marginal
detections of 2.2σ (5 Mpc), 1.5σ (10 Mpc) and 1.6σ (20 Mpc).

Similarly, we select all sources in narrow redshift windows of ∆z = 0.027, stepping
between z = 4.0 to z = 6.0, and measure the angular separation with respect to the
brightest source in the redshift slice. We again find a broad distribution in the projected
distance, which we use to estimate the significance of the clustering of sources around
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Fig. 9 JWST/NIRSpec spectra of 13 sources with a redshift z ≈ 4.90. The left column shows objects
that have a close projected separation to RUBIES-EGS-QG-1 , in order of increasing redshift. The
right column shows sources in the EGS that are at a larger distance from RUBIES-EGS-QG-1 .

RUBIES-EGS-QG-1 . Within a radius of 3 Mpc, the neighbors of RUBIES-EGS-QG-
1 are 2.8σ above the expected level. As before, this decreases when searching within
larger apertures: 2.0σ within 5 Mpc; 1.0σ within 10 Mpc; 1.44σ within 20 Mpc.

We conclude that RUBIES-EGS-QG-1 indeed resides in an overdense environment,
at least within an aperture of 3 comoving Mpc. Currently this forms the highest red-
shift overdensity containing a massive quiescent galaxy[39]. However, based on these
findings we cannot determine whether RUBIES-EGS-QG-1 resides in a massive halo
or in the extremely massive halo needed to reconcile the observed number density of
the galaxy with expectations from galaxy formation simulations. Further spectroscopic
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follow-up observations will be critical to perform a thorough analysis of the spectro-
scopic completeness in order to estimate a robust halo mass at the observed redshift,
and the projected evolution to the present day.

Table 3 Spectroscopically-confirmed sources in the
EGS field at the redshift of RUBIES-EGS-QG-1 .

ID R.A. Dec. z

CEERS-12071 214.960005 52.831171 4.8957
CEERS-15391 214.980078 52.942659 4.8840
CEERS-21401 214.796009 52.715878 4.8927
CEERS-83574 214.949862 52.831306 4.8980
DDT-02 214.914550 52.943023 4.9098
DDT-22,3 214.909113 52.937204 4.9080
DDT-2015 214.917995 52.937245 4.8903
DDT-27632 214.927789 52.935859 4.9009
DDT-31492 214.914917 52.943621 4.8991
RUBIES-EGS-13219 214.947589 52.836578 4.8966
RUBIES-EGS-14295 214.943835 52.835816 4.8925
RUBIES-EGS-65166 214.918350 52.931829 4.8919

1Published in [93].
2Published in [37].
3CEERS-DSFG-1 of [94].

8 Theoretical predictions

We compare the existence and properties of RUBIES-EGS-QG-1 with five different
large-volume simulations from recent literature, all of which simulate galaxy formation
and evolution within the ΛCDM cosmological model. First, we evaluate the number
density of massive quiescent galaxies in the different models:

• The First Light And Reionisation Epoch Simulations (FLARES)[95, 96] uses the
EAGLE model[97, 98] to perform hydrodynamical zoom simulations of regions in a
volume of 3.2 comoving Gpc3, thereby probing rare haloes that would not appear in
the EAGLE simulation. Using the measurements of [31] based on the combination
of FLARES and EAGLE, the predicted surface density of quiescent galaxies at
z ∼ 4.5−5 and apparent magnitude similar to RUBIES-EGS-QG-1 (F200W < 24.5)
is approximately 0.1 − 1 degree−2, or n ∼ 1 − 10 × 10−8 Mpc−3.

• In the cosmological hydrodynamical simulation TNG300 of the IllustrisTNG
project[99–104], which simulates a comoving volume of 302 Mpc3 using the Illus-
trisTNG model, the population of massive quiescent galaxies has been shown to
appear only at z ≈ 4.2[33] in the simulation. At z = 5, we find a single system in the
simulation that lies within the 3σ contours of the stellar mass and SFR of RUBIES-
EGS-QG-1 (as measured within an aperture of twice the 3D stellar half-mass
radius), corresponding to a comoving number density of n = 3 × 10−8 Mpc−3.
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• In the cosmological hydrodynamical simulation Magneticum Pathfinder of comoving
volume 180 Mpc3, lower-mass quiescent galaxies are present with number densities
consistent with observations[32], but no systems were reported at M∗ ∼ 1011 M⊙ at
z ≈ 5, setting an upper limit on the number density of n < 1 × 10−7 Mpc−3.

• The latest version of the semi-analytic GAlaxy Evolution and Assembly (GAEA)
model[34, 105–107] was run on the Millennium Simulation[108] of box length
500 Mpc/h (where h = 0.73). Within this large volume there are 14 quiescent
galaxies of log(M∗/M⊙) > 10.9 at z ≈ 4.9, i.e. n = 4 × 10−8 Mpc3.

• The semi-analytic model SHARKv2.0[35] was run for the SURFS[109] dark matter-
only simulation volume of box length 210 Mpc/h (with h = 0.6751). Following
the methodology of [35], which includes an estimate of the observational uncer-
tainty of 0.25 dex on the inferred number density, the number density of massive
(log(M∗/M⊙) > 10.9) quiescent galaxies n = 2 × 10−8 Mpc3 at z = 5.

In summary, we find that the different models all predict the existence of mas-
sive quiescent galaxies at high redshifts, but with very low number densities at the
redshift of RUBIES-EGS-QG-1 , with a typical value of n ∼ 5 × 10−8 Mpc−3 across
the simulations. With an estimated observed number density of n ≈ 4 × 10−6 Mpc−3,
RUBIES-EGS-QG-1 is therefore an outlier at the 2σ level at z ≈ 5 if we assume the
theoretical model predictions to be accurate. It also implies that, instead of residing
in a halo of Mhalo ∼ 1012 M⊙, the halo mass of RUBIES-EGS-QG-1 would be among
the most massive haloes at z = 5, as Mhalo ∼ 1012.5−13 M⊙ in the simulations.

However, at higher redshift the tension increases: even for the solar-metallicity
model, RUBIES-EGS-QG-1 formed its stars and quenched at z ≳ 5.5. The FLARES
simulation predicts an extremely low source density of n < 1 × 10−8 Mpc−3 at z ≥
5.5 (i.e. ≲ 0.1 degree−2 ), and the GAEA simulations predict similarly low numbers
(n = 6 × 10−9 Mpc−3 at z ≈ 6); both report zero such galaxies at z ∼ 7, which
implies that n(z = 7) ≲ 1 × 10−9 Mpc−3. The relatively smaller volumes (TNG300,
Magneticum Pathfinder) do not appear to contain any quiescent galaxies more massive
than M∗ > 1010.9 M⊙ at z ≥ 5, and do not contain any such massive galaxies at z > 6
even when considering star-forming galaxies. Therefore, if we also account for the
unusual formation history of RUBIES-EGS-QG-1 , this implies that the probability
of finding a source like RUBIES-EGS-QG-1 within the small volume of the NIRCam
imaging explored for the RUBIES survey thus far is approximately 0.03% (i.e., an
outlier at the > 2.8σ level), and strains current theoretical models.

Lastly, we use the GAEA and TNG300 simulations to explore the possibility that
RUBIES-EGS-QG-1 formed through a rapid, major merger of two moderately-massive
galaxies. We estimate a merger timescale of ∼ 200 − 300 Myr[110]: because we do not
find any signatures of a recent merger in the NIRCam imaging, the merger must have
occurred at z > 6. We therefore search for the nearest massive neighbor of galaxies of
log(M∗/M⊙) > 10.3 in the simulations at z ≳ 6. For GAEA, we find two massive pairs
that are separated by < 0.5 comoving Mpc at z = 6.2, and six such pairs at z = 5.7,
corresponding to a number density of 6−20×10−9 Mpc−3. In TNG300, we find a single
pair of massive galaxies at z = 6.0, which implies a number density for such equal-mass
mergers of 3 × 10−8 Mpc−3. However, when tracing their merger history, we find that
the pair does not merge until z = 5.0, which is inconsistent with the lack of merger
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signatures in the morphology of RUBIES-EGS-QG-1 . These low number densities are
therefore upper limits on the expected rate of equal-mass mergers of massive galaxies
at high redshift, and indicates that the formation of RUBIES-EGS-QG-1 through such
a scenario is expected to be extremely rare.

9 NOEMA non-detection

RUBIES-EGS-QG-1 was also covered by NOEMA observations as part of project
W20CK (PIs: Buat & Zavala), originally designed to target dusty star-forming galaxy
candidates at z > 3 (see [94] for further details and the data reduction process). These
observations allow us to derive a 3σ upper limit at 1.1mm of < 1 mJy. Assuming a
typical SED – a modified black-body function with a dust temperature of TD = 35 K
and a dust emissivity index of β = 1.8 – at z = 4.9, this flux density upper limit
corresponds to an IR luminosity of < 8 × 1011 L⊙ . Assuming the calibration between
star formation rate and infrared luminosity of [111], this implies a dust-obscured star
formation rate of < 120 M⊙ yr−1.
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[20] Grudić, M.Y., Hopkins, P.F., Quataert, E., Murray, N.: The maximum stel-
lar surface density due to the failure of stellar feedback. Mon. Not. R.
Astron. Soc. 483(4), 5548–5553 (2019) https://doi.org/10.1093/mnras/sty3386
arXiv:1804.04137 [astro-ph.GA]

[21] Franx, M., van Dokkum, P.G., Förster Schreiber, N.M., Wuyts, S., Labbé, I.,
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massive galaxies across cosmic time with the semi-analytic model SHARK V2.0.
Mon. Not. R. Astron. Soc. 531(3), 3551–3578 (2024) https://doi.org/10.1093/
mnras/stae1024 arXiv:2309.02310 [astro-ph.GA]

[36] Zavala, J.A., Aretxaga, I., Geach, J.E., Hughes, D.H., Birkinshaw, M., Chapin,
E., Chapman, S., Chen, C.-C., Clements, D.L., Dunlop, J.S., Farrah, D., Ivi-
son, R.J., Jenness, T., Micha lowski, M.J., Robson, E.I., Scott, D., Simpson,
J., Spaans, M., van der Werf, P.: The SCUBA-2 Cosmology Legacy Survey:
the EGS deep field - I. Deep number counts and the redshift distribution of
the recovered cosmic infrared background at 450 and 850 µ m. Mon. Not. R.
Astron. Soc. 464(3), 3369–3384 (2017) https://doi.org/10.1093/mnras/stw2630
arXiv:1610.03551 [astro-ph.GA]

[37] Arrabal Haro, P., Dickinson, M., Finkelstein, S.L., Kartaltepe, J.S., Donnan,

31

https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1093/mnras/stad2550
https://arxiv.org/abs/2211.07540
https://doi.org/10.48550/arXiv.2310.16085
https://arxiv.org/abs/2310.16085
https://doi.org/10.1093/mnras/stad1162
https://doi.org/10.1093/mnras/stad1162
https://arxiv.org/abs/2304.09392
https://doi.org/10.48550/arXiv.2401.06211
https://doi.org/10.48550/arXiv.2401.06211
https://arxiv.org/abs/2401.06211
https://doi.org/10.1093/mnras/stae1024
https://doi.org/10.1093/mnras/stae1024
https://arxiv.org/abs/2309.02310
https://doi.org/10.1093/mnras/stw2630
https://arxiv.org/abs/1610.03551


C.T., Burgarella, D., Carnall, A.C., Cullen, F., Dunlop, J.S., Fernández, V., Fuji-
moto, S., Jung, I., Krips, M., Larson, R.L., Papovich, C., Pérez-González, P.G.,
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J.-S., Huang, K.-H., Jha, S.W., Kartaltepe, J.S., Kirshner, R.P., Koo, D.C.,
Lai, K., Lee, K.-S., Li, W., Lotz, J.M., Lucas, R.A., Madau, P., McCarthy,
P.J., McGrath, E.J., McIntosh, D.H., McLure, R.J., Mobasher, B., Moustakas,
L.A., Mozena, M., Nandra, K., Newman, J.A., Niemi, S.-M., Noeske, K.G.,
Papovich, C.J., Pentericci, L., Pope, A., Primack, J.R., Rajan, A., Ravin-
dranath, S., Reddy, N.A., Renzini, A., Rix, H.-W., Robaina, A.R., Rodney,
S.A., Rosario, D.J., Rosati, P., Salimbeni, S., Scarlata, C., Siana, B., Simard,
L., Smidt, J., Somerville, R.S., Spinrad, H., Straughn, A.N., Strolger, L.-G.,
Telford, O., Teplitz, H.I., Trump, J.R., van der Wel, A., Villforth, C., Wech-
sler, R.H., Weiner, B.J., Wiklind, T., Wild, V., Wilson, G., Wuyts, S., Yan,
H.-J., Yun, M.S.: CANDELS: The Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey. Astrophys. J. Suppl. Ser. 197(2), 35 (2011) https:
//doi.org/10.1088/0067-0049/197/2/35 arXiv:1105.3753 [astro-ph.CO]

[47] de Graaff, A., Brammer, G., Weibel, A., Lewis, Z., Maseda, M.V., Oesch, P.A.,
Bezanson, R., Boogaard, L.A., Cleri, N.J., Cooper, O.R., Gottumukkala, R.,
Greene, J.E., Hirschmann, M., Hviding, R.E., Katz, H., Labbé, I., Leja, J.,
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