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1. Introduction

Many detections of Hi-z massive galaxies by JWST
=> Are they too massive/early/numerous within the Λ-CDM framework?
=> Quenched galaxies (QGs) are more common at z>3 than expected

Spectroscopy of QGs provide us their SFH
=> e.g. Carnall+23c : 

• z=4.7 QG, z_quench=6.5, M*=1e10.58Msun
• Very compact : r_e<200pc
• AGN (broad Ha) M_BH=1e9Msun
=> Glazebrook+24

• z=3.2 QG, z_quench=11, M*=1e11.26Msun
• strong tension with Λ-CDM cosmology?

Questions to be soloved
a. What is the mechanism to cause early shutdown of massive galaxies?
b. The high number density of massive QGs at z>3 requires revision of galaxy 

formation model or Λ-CDM cosmology?

2., Observing Strategy and 3. Sample Selection
Early eXtragalactic Continuum and Emission Line Science (EXCELS)

: NIRSpec spec. survey of z=3-5 QGs
• 4hrs in G140M, G235M, and 5hrs in G395M / 1-5um, R~1000

=> Rest-optical wavelength coverage (~3500-7500A)

• 3 MSA setups  / 401 targets 
• Selected from VANDELS / PRIMER-UDS

• 4 of them has M*>1e11Msun

• Two are a pair of z=4.62 QGs, separated by 860pkpc (ZF-UDS-7329)
4. Methods
4.3 spectrophotoemtric fitting
• spectra+JWST/HST photometric points (3540-7350A)

• BAGPIPES code => SFH M*, age, metallicity...

5. Results

Only 4 QGs in this paper
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ABSTRACT

We report ultra-deep, medium-resolution spectroscopic observations for 4 quiescent galaxies with log10(M⇤/M�) > 11
at 3 < z < 5. These data were obtained with JWST NIRSpec as part of the Early eXtragalactic Continuum and
Emission Line Science (EXCELS) survey, which we introduce in this work. The first pair of galaxies are newly selected
from PRIMER UDS imaging, both at z = 4.62 and separated by 860 pkpc on the sky, within a larger structure for
which we confirm several other members. These galaxies formed at z ' 8�10, and, despite their similar stellar masses,
ages, and their proximity, they exhibit very different stellar metallicities, hinting at different formation pathways.
These systems could plausibly merge by the present day to produce a local massive elliptical galaxy. The other 2
ultra-massive quiescent galaxies are previously known at z = 3.99 and 3.19, with the latter (ZF-UDS-7329) having
been the subject of debate as potentially too old and too massive to be accommodated by the ⇤-CDM halo-mass
function. Both exhibit high stellar metallicities, and for ZF-UDS-7329 we are able to measure the ↵�enhancement,
obtaining [Mg/Fe] = 0.42+0.19

�0.17. We finally evaluate whether these 4 galaxies are consistent with the ⇤-CDM halo-mass
function using an extreme value statistics approach. We find that the z = 4.62 objects and the z = 3.19 object are
unlikely within our area under the assumption of standard stellar fractions (f⇤ ' 0.1 � 0.2). However, these objects
roughly align with the most massive galaxies expected under the assumption of 100 per cent conversion of baryons
to stars (f⇤=1). Our results suggest extreme galaxy formation physics during the first billion years, but no conflict
with ⇤-CDM cosmology.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

Since the launch of JWST, much attention has focused on
the earliest stages of massive galaxy formation. In particu-
lar, many studies have reported candidate massive galaxies
at high redshift that were too faint and/or too red to have

? E-mail: adamc@roe.ac.uk
† Scottish Universities Physics Alliance

been detected (or at least to have their redshifts measured)
with previous instrumentation (e.g., Labbé et al. 2023; Bar-
rufet et al. 2023; Xiao et al. 2023; Gottumukkala et al. 2023;
Weibel et al. 2024). This has led to much discussion as to
whether such objects are in fact too early, too massive and
too numerous to be accommodated within our current un-
derstanding of galaxy formation physics, or even within the
⇤-CDM cosmological framework (e.g., Boylan-Kolchin 2023;
Chworowsky et al. 2023; Harvey et al. 2024).

© 2024 The Authors
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Figure 3. JWST EXCELS NIRSpec observations of our 4 ultra-massive quiescent galaxies at 3 < z < 5: zoom in on the rest-frame
3540� 7350Å region included in our Bagpipes full-spectral-fitting analysis (see Section 4.3.1). The spectroscopic data are shown in blue,
with PRIMER NIRCam photometry shown as red points. The posterior-median fitted Bagpipes models are shown with black lines. The
vertical blue shaded regions were masked from the fits. The spectra and our full-spectral-fitting results are described in Section 5.
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Table 3. Derived parameters for our 4 EXCELS ultra-massive quiescent galaxies from the Bagpipes full-spectral-fitting analysis described
in Section 4.3.1, as well as the morphological analysis described in Section 4.4. The definitions of the parameters in our full-spectral-fitting
analysis are given in Table 2. We also include the results we derived for GS-9209 in Carnall et al. (2023c).

Object ID PRIMER-EXCELS-117560 PRIMER-EXCELS-109760 ZF-UDS-6496 ZF-UDS-7329 GS-9209

Redshift 4.6194 ± 0.0003 4.6227 ± 0.0003 3.9884 ± 0.0003 3.1943 ± 0.0003 4.6582 ± 0.0002

log10(M⇤/M�) 11.00 ± 0.02 11.01 ± 0.03 11.01 ± 0.02 11.14 ± 0.03 10.58 ± 0.02

SFR / M� yr�1 0+0.0001
�0

0+0.004
�0

0+0.000001
�0

0.6 ± 0.3 0+0.000003
�0

log10(Z⇤/Z�) 0.35+0.08
�0.06 �0.41+0.06

�0.09 0.32+0.04
�0.05 0.35+0.07

�0.08 �0.96+0.04
�0.09

tform / Gyr 0.65 ± 0.05 0.51 ± 0.05 1.01 ± 0.03 0.41 ± 0.13 0.76 ± 0.03

zform 7.8 ± 0.5 9.4 ± 0.7 5.6 ± 0.1 11.2+3.1
�2.1 6.9 ± 0.2

zquench 7.1 ± 0.8 6.7 ± 0.9 5.4 ± 0.2 6.3+1.2
�1.0 6.5+0.2

�0.5

AV 0.38 ± 0.06 0.84 ± 0.09 0.49 ± 0.05 0.23 ± 0.07 0.02 ± 0.02

a 1.61 ± 0.03 1.57 ± 0.04 1.57 ± 0.04 1.55 ± 0.04 1.71 ± 0.03

�⇤ / km s�1 360 ± 20 140 ± 10 370 ± 10 250 ± 20 250 ± 20

re / pc 610 ± 10 310 ± 10 730 ± 10 910 ± 10 220 ± 20

n 4.7 ± 0.1 5.1 ± 0.2 3.7 ± 0.2 2.5 ± 0.1 2.3 ± 0.3

log10(⌃e↵ / M� kpc�2) 10.63 ± 0.03 11.23 ± 0.04 10.49 ± 0.03 10.42 ± 0.04 11.1 ± 0.1

two panels of Fig. 1. PRIMER-EXCELS-117560 (top panel)
was selected as a robust candidate (> 95 per cent chance of
being at z > 2 and quiescent) by the process described in
Section 3.2.1. This galaxy was also selected as a non-robust
candidate (50�95 per cent chance of being at z > 2 and qui-
escent) in our earlier pre-JWST work (Carnall et al. 2020)
based on the Galametz et al. (2013) catalogue, as well as
having been selected independently by Merlin et al. (2019).

PRIMER-EXCELS-109760 (second panel) was selected as
a non-robust candidate (with 86 per cent probability of being
at z > 2 and quiescent) based on the PRIMER NIRCam data,
having previously been classified as star-forming (< 50 per
cent chance) in our earlier pre-JWST analysis.

Both of the spectra for these objects exhibit a forest of
extremely deep Balmer absorption features. This is consistent
with the spectra of A-type stars, and typical of post-starburst
galaxies that have shut down star formation within the past
few hundred Myr (e.g., Wild et al. 2020; D’Eugenio et al.
2020; Werle et al. 2022; Wu et al. 2023; Leung et al. 2024).
As expected based upon this, the SFRs we derive from our
full-spectral-fitting analysis (see Table 3) place these galaxies
well below the sSFR < 0.2/tH(z) threshold we use to define
quiescence (see Section 3.2.1).

Interestingly, despite a general lack of line emission,
both spectra do exhibit weak [N ii]�H↵ complexes, with
PRIMER-EXCELS-117560 also exhibiting trace amounts of
[O ii] 3727Å emission (see Fig. 3). For both galaxies, [N ii]
6548,6583Å is significantly stronger than H↵. Line emission
excited via irradiation of gas by young massive stars is asso-
ciated with [N ii]/H↵ ratios significantly less than 1. Higher
[N ii]/H↵ ratios are typically associated with alternative ex-
citation mechanisms such as AGN and shocks (e.g., Kewley
et al. 2006), or post-Asymptotic Giant Branch stars (post-
AGB; e.g., Binette et al. 1994; Belfiore et al. 2016).

This is similar to the signature observed in GS-9209 (Car-
nall et al. 2023a), though neither of these new objects ex-
hibits the same broad H↵ emission component as GS-9209, a
clear indication of the presence of an AGN. Similarly elevated

[N ii]/H↵ ratios are also common in the spectra of massive
quiescent galaxies at the cosmic noon epoch (e.g., Belli et al.
2017; Newman et al. 2018a).

It is also interesting to note that PRIMER-EXCELS-
109760 exhibits extremely deep Na i 5890Å,5896Å (Na D)
absorption, evidence for cool gas in the interstellar medium
(e.g., Belli et al. 2023). Interestingly, this is also the galaxy
in our sample with the highest continuum dust attenuation
(as measured by AV ; see Table 3), which is known to be
correlated with the Na D feature (e.g., Roberts-Borsani &
Saintonge 2019). There is however no clear evidence that
this feature is blueshifted, which would indicate the gas is
outflowing, as has been observed in young quiescent galax-
ies at lower redshift (e.g., Maltby et al. 2019). Unfortunately,
the Mg ii 2800Å ISM absorption feature falls in the NIRSpec
chip gap for this object. In future work, we will investigate in
detail the line emission and ISM absorption features in the
EXCELS quiescent spectra, to assess any potential evidence
for ongoing AGN activity.

It is also interesting to note from Table 3 that we obtain
consistent values for our spectroscopic errorbar expansion pa-
rameter, a ' 1.6, for all 4 of our galaxies. This is in good
agreement with the correction factor derived by others (e.g.,
Maseda et al. 2023).

We finally note that PRIMER MIRI photometry is avail-
able for both of these galaxies, and we show the F770W fluxes
(measured as described in Section 3.2) in Fig. 1, along with
our HST+NIRCam photometry and the posterior median
models fitted to these data in Section 4.2. The MIRI photom-
etry (which probes rest-frame � ' 1.4µm for these galaxies)
can be seen to be in good agreement with the predictions of
our fitted models.

5.1.1 Star-formation histories

In addition to our spectroscopic data, in Fig. 3 we also
show our posterior median Bagpipes models, which were fit-
ted to our data by the process described in Section 4.3.1.
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5.1 117560 & 109760

• z=4.62, pair
• deep Balmer absorption + Ha+N2 emission (but non-broad)
• Deep NaI absorption : cold ISM gas

• SFH : z_fomr=7.8 / 9.4, t_quench=7.1 / 6.7
• Metallicity : Challenging due to α-enhancement : Z=-1e0.35 Msun/ 1e-

0.41Msun : significant difference, different evolutional path?. 109760 may 

have formed in shallower potential well>
• SIze : re=0.61kpc/0.33kpc, very compact
• σ : 360km/s / 140km/s , dynamical mass consistent with photometric 

mass

12 A. C. Carnall et al.

0.00.20.40.60.81.01.2

Age of Universe / Gyr

1.0

1.5

2.0

2.5

3.0

3.5

lo
g 1

0(
SF

R
/

M
�

yr
�

1 )

PRIMER�EXCELS�117560

PRIMER�EXCELS�109760

ZF�UDS�7329

ZF�UDS�6496

GS�9209

0.00.20.40.60.81.01.2

Age of Universe / Gyr

9.0

9.5

10.0

10.5

11.0

lo
g 1

0(
M

�/
M

�
)

5 6 8 12 25
Redshift

5 6 8 12 25
Redshift

Figure 4. Star-formation histories for our 4 ultra-massive quiescent galaxies at 3 < z < 5 from full spectral fitting. To the left the SFR
as a function of time is shown, whereas to the right the total mass in stars as a function of time is shown. Results for GS-9209 (Carnall
et al. 2023c) at z = 4.658, which is ' 0.4� 0.5 dex less massive than the other galaxies, are also shown in grey. Three of the new galaxies
are older than GS-9209, having formed at z & 8, whereas ZF-UDS-6946 is younger, having formed in a very rapid burst at z ' 5.5. It
is instructive to view the shaded areas as confidence intervals on SFR and stellar mass at fixed redshift (i.e. in the vertical direction).
Taking PRIMER-EXCELS-109760 as an example, stellar masses of both log10(M⇤/M�) ' 10.5 and log10(M⇤/M�) < 9 are within the
1� contour at z = 12. The right panel therefore indicates we have virtually no constraint on the stellar mass of this galaxy before z ' 10.

We report the precise redshifts and stellar masses that we
obtain via our full-spectral-fitting methodology in Table 3.
Both z = 4.62 galaxies have almost identical stellar masses
of log10(M⇤/M�) ' 11. The SFHs we recover via our full-
spectral-fitting methodology are shown in Fig. 4. We also
show the SFH derived for GS-9209 in Carnall et al. (2023c).
It can be seen that both of our new z = 4.62 galaxies are older
than GS-9209 (as well as being substantially more massive),
with both also exhibiting more-extended SFHs.

We define the time of formation, tform, as the time af-
ter the Big Bang at which the 50th percentile of the
stellar mass in each galaxy formed. For these two galax-
ies at log10(M⇤/M�) ' 11, this is equivalent to the
time at which they reached log10(M⇤/M�) ' 10.7. Using
this definition, for PRIMER-EXCELS-117560 we measure
tform = 0.65 ± 0.05 Gyr, equivalent to a formation redshift
of zform = 7.8 ± 0.5. For PRIMER-EXCELS-109760, we
measure an earlier tform = 0.51 ± 0.05 Gyr, equivalent to
a formation redshift of zform = 9.4 ± 0.7.

We also define the time of quenching, tquench, as the
time after the Big Bang at which the galaxy first sat-
isfied the sSFR < 0.2/tH(z) criterion set out in Sec-
tion 3.2.1. For PRIMER-EXCELS-117560 we measure
tquench = 0.74 ± 0.10 Gyr, equivalent to a quenching red-
shift of zquench = 7.1 ± 0.8. As can be seen from Fig. 4, for
PRIMER-EXCELS-109760 we measure a slightly later time
of quenching, tquench = 0.80 ± 0.13 Gyr, equivalent to a
quenching redshift of zquench = 6.7 ± 0.9.

It should be noted that the simple parametric double-

power-law prior we use to model the SFHs of these galaxies
does not contain any physical information about the likeli-
hood of extremely early galaxy formation (see Section 6.5).
As can be seen in Fig. 4, the spectrum of PRIMER-EXCELS-
109760 is consistent with significant star formation having
taken place very early, at z & 12. It is however critical to
note that this is not required to explain the data. Little to no
star formation before z = 11 can also be seen to be consistent
with the data at the 1� level. This will be discussed further
in Section 6.

5.1.2 Stellar metallicities

Meaningfully measuring the stellar metallicities of high-
redshift quiescent galaxies is currently very challenging. This
is because such objects are expected to be highly ↵�enhanced
(e.g., Kriek et al. 2016; Carnall et al. 2022; Beverage et al.
2023). However, well established, thoroughly tested, empiri-
cal ↵�enhanced stellar population models are not currently
available for ages younger than 1 Gyr.

In the absence of such models, we have used the 2016
updated version of the Bruzual & Charlot (2003) mod-
els, which assume scaled-Solar abundances (i.e. all elemen-
tal abundances are multiplied by the same factor with re-
spect to their Solar abundance). In this work, we report
the scaled-Solar abundances returned by Bagpipes using the
Bruzual & Charlot (2003) models, whilst cautioning that
their interpretation is less than fully clear given the expected
↵�enhancement of our target galaxies. In future work, we
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6. Discussion

Λ-CDM limit : M_halo * f_baryon(0.16) * f_star < M* of galaxies in halo
Note that M* is sensitive to IMF

6.1 Extreme Value Statistics

Just assume f_star=1.0
Fig 8 : left, fiducial SFH model, right, f*=1 model
=> high stellar fraction are required, but no strong tension with Λ-CDM 
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Figure 7. A comparison of the SFHs we derive for our 3 oldest ultra-massive quiescent galaxies with predictions for the most-massive
galaxy expected in the PRIMER UDS area as a function of redshift from Lovell et al. (2023). The extreme value statistics approach
used to generate these predictions is discussed in Section 6.1. To the left, we show the fiducial model presented in Lovell et al. (2023),
which assumes a truncated lognormal distribution of stellar fractions (see Equation 1). To the right we show our maximum model, which
assumes a stellar fraction, f⇤ = 1 for all galaxies. The SFHs for all three galaxies are in significant tension with the left-hand model, but
can be accommodated by the right-hand model to within a . 2� confidence level. This suggests high stellar fractions for these galaxies.
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