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ABSTRACT

Studying large samples of massive, passively evolving galaxies (called cosmic chronometers, CC) provides us with

the unique ability to measure the Universe’s expansion history without assuming a cosmological model. The Dark

Energy Spectroscopic Instrument (DESI) DR1 is currently the largest, publicly available, homogeneous set of galaxies

with reliable spectroscopic redshifts, and covers a wide range in redshift. We extracted all massive galaxies (stellar

mass logM⋆/M⊙ > 10.75, and velocity dispersion σ > 280 km s−1), with no emission in [OII] λ3727 Å, with reliable

redshifts as well as reliable D4000n measurements from DR1. From this sample of 360 000 massive, passive galaxies,

we used D4000n and the method of cosmic chronometers to get three new direct, independent measurements of H(z) =
88.48 ± 0.57(stat)±12.32(syst), H(z) = 119.45 ± 6.39(stat)±16.64(syst), and H(z) = 108.28±10.07(stat)±15.08(syst)
km s−1 Mpc−1 at z = 0.46, z = 0.67, and z = 0.83, respectively. This sample, which covers 0.3 < z < 1.0, is the largest

CC sample to date, and we reach statistical uncertainties of 0.65%, 5.35%, and 9.30% on our three measurements.

Our measurements show no significant tension with the Planck ΛCDM cosmology. In our analysis, we also illustrate

that even amongst samples of massive, passive galaxies, the effect of downsizing can clearly be seen.

Key words: galaxies: evolution, galaxies: statistics, galaxies: distances and redshifts, (cosmology:) cosmological pa-

rameters

1 INTRODUCTION

The ΛCDM cosmological model, featuring a cosmological
constant (Λ) and cold dark matter (CDM), provides a con-
sistent framework for understanding the Universe’s evolu-
tion from its primordial beginnings to its large-scale struc-
ture today. Its parameters have been constrained with re-
markable precision by observations of the Cosmic Microwave
Background (CMB), most notably by the Planck satellite
(Planck Collaboration 2020). However, this picture is now
challenged by a series of persistent tensions between early-
universe predictions and late-universe observations. The most
well-known, the “Hubble tension” describes a significant
discrepancy (∼4σ) between the value of the Hubble con-
stant (H0), the present-day expansion rate of the Universe,
measured locally using Type Ia supernovae calibrated with
Cepheids (late-universe) versus the value inferred from cosmic
microwave background (early-universe) observations (Verde
et al. 2019; Di Valentino et al. 2021). The late-universe ob-
servations rely on the traditional cosmic distance ladder,
whereas the early-universe observations assume a specific cos-
mological model (such as ΛCDM). While these tensions could
be systematic, they have also ignited speculation about new
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physics beyond the standard model, such as evolving dark
energy, or modifications to gravity.

Alternative cosmological probes, such as cosmic chronome-
ters (CC), play an important role in obtaining additional in-
dependent measurements to assess the reliability of the cur-
rent models. It has become evident that a single probe is not
adequate to constrain the properties and evolution of the Uni-
verse accurately (Jiao et al. 2023). The method of CCs does
not need to assume a specific cosmological model and is essen-
tially a measurement of time, as it measures the age evolution
of a passively evolving population of galaxies, rather than re-
lying on distances (Moresco et al. 2016). That makes it a very
novel and powerful probe that offers a direct and independent
measurement of the Hubble parameter H(z), which describes
the expansion rate of the Universe as a function of redshift.
This method, introduced by Jimenez & Loeb (2002), relies
only on the minimal assumption of a Friedmann-Lemâıtre-
Robertson-Walker (FLRW) metric, and measures the differ-
ential age evolution of passive galaxies over a small redshift
interval, making the method more robust than absolute age
measurements of galaxies.

In the standard FLRW spacetime metric, the Hubble pa-
rameter, H(z), is related to the differential ageing of the Uni-
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verse (dtU ) via

H(z) =− 1
1+ z

dz
dtU

. (1)

Therefore, by measuring the age difference between two pas-
sively evolving galaxies that formed at the same time but are
separated by a small redshift interval (dz), one can calculate
the derivative dz/dtU , which then determines the Hubble pa-
rameter at that redshift (Stern et al. 2010; Moresco et al.
2012, 2022). There are different methods that can be em-
ployed to measure the differential age evolution, e.g., full-
spectrum fitting (Ratsimbazafy et al. 2017; Borghi et al.
2022a,b), Lick indices (Jiao et al. 2023), or the D4000n index
(Moresco 2024; Loubser et al. 2025). In Loubser et al. (2025),
we used D4000n (Balogh et al. 1999) instead of full-spectrum
fitting to accurately separate the various contributions to the
systematic uncertainties. When we measure spectral indices,
we select a smaller, specific wavelength region in the spec-
trum, and that increases statistical errors on the individual
measurements since less spectral information is used. How-
ever, it avoids some of the systematics related to assumptions
made in full-spectrum fitting, and if very large samples can
be used for the measurements, it compensates for the lower
statistical error on individual direct index measurements.
The best probes for these CC differential age measure-

ments are the most massive, passive galaxies, where the
vast majority of the stars formed very early and over short
timescales, with no significant star formation since (Renzini
2006; Thomas et al. 2010). So far, existing CC measurements
have been hampered by limited large samples of massive,
passive galaxies over a wide range of redshifts, but large
spectroscopic surveys like the Dark Energy Spectroscopic In-
strument (DESI, DESI Collaboration et al. 2025), and soon
the 4-metre Multi-Object Spectroscopic Telescope (4MOST,
de Jong et al. 2022), are starting to provide unprecedented
statistics. This now enables a significant boost in the accu-
racy of H(z) measurements made from CC. To make a good
CC measurement, we need to probe the oldest, most massive
galaxies at every redshift. In our previous study (Loubser
et al. 2025), we used 53 Brightest Cluster Galaxies (BCGs)
to make a CC measurement at z = 0.5, where the aim was to
choose the most massive galaxies at every redshift a priori.
We showed that the use of BCGs can decrease the systematic
uncertainties of the CC approach, but the statistical uncer-
tainty of the measurement was 47% due to the limited sample
size.
DESI DR1 now offers the largest sample of extragalactic

redshifts ever assembled (DESI Collaboration et al. 2025),
and it allows for the identification of massive, passive galax-
ies in unprecedented numbers and with high fidelity across
a wide redshift range. Furthermore, the high signal-to-noise
ratio of DESI spectra enables precise measurements of the
D4000n index and other galactic properties. In this paper, we
now follow the opposite approach to choosing BCGs a priori.
We study a very large sample of massive, passive galaxies
(not only BCGs), which decreases the statistical uncertainty
significantly but has a very slight increase in the systematic
uncertainty. The paper is structured as follows: Section 2 de-
scribes the data, sample selection, and overall sample prop-
erties. Section 3.1 illustrates the effect of downsizing, even
amongst the most massive galaxies, and the measurement
of the D4000n − z relation. The calibration of the relation is

shown in Section 3.2, and the sources of systematic uncer-
tainties are included in Section 3.3. Section 4.1 shows the
comparison to previous CC measurements. We also place our
new H(z) measurements in a cosmological context, comparing
them to models to illustrate the possible applications. Section
4.2 shows the deprojection to H0, and we summarise our re-
sults in Section 5. In addition, in Appendix B, we use Integral
Field Unit (IFU) data from the Sloan Digital Sky Survey-IV
(SDSS) Mapping Nearby Galaxies at APO (MaNGA) survey
(Bundy et al. 2015) to determine whether aperture effects can
potentially affect DESI D4000n index measurements, and in
Appendix C we also consider the possible effect of broadening
on the D4000n index measurements.

2 DATA

2.1 The Dark Energy Spectroscopic Instrument (DESI)

The DESI Collaboration is executing a 5-year spectroscopic
redshift survey to create a detailed map of the evolving struc-
ture of the Universe between redshift z = 0 and z = 4 (DESI
Collaboration et al. 2024, 2025). We use DESI Data Release
1 (DR1, also referred to as “Iron”), which consists of all data
acquired during the first 13 months of the DESI main sur-
vey (MAIN sample), as well as a uniform reprocessing of the
DESI Survey Validation data that were previously made pub-
lic in the DESI Early Data Release (SV sample). The DR1
main survey alone includes high-confidence redshifts for 18.7
million objects, of which 13.1 million are spectroscopically
classified as galaxies.

DESI operates with 5000 robotic fibres and a field of view
of 3.2 degrees in diameter, and the wavelength coverage spans
3600 – 9824 Å (DESI Collaboration et al. 2025). Among
DESI’s five classes of primary spectroscopic targets, the Lu-
minous Red Galaxies (LRGs), targeted in the redshift range
of approximately 0.4 < z < 1.1, are particularly relevant for
CC studies (Zhou et al. 2023). However, we go through all
“GALAXY” spectra observed in dark time, as described below.
The redshifts and spectral classifications (“STAR”, “GALAXY”,
“QSO”) are determined by the Redrock1 software, which fits
principal component analysis (PCA) templates (Guy et al.
2023; DESI Collaboration et al. 2024).

DESI data releases include numerous Value-Added Cata-
logues (VACs) that are built on core data products (spectra,
classifications, redshifts; DESI Collaboration et al. 2025). For
CC studies, the VAC from FastSpecFit2 containing spec-
trophotometric fitting results, e.g. stellar velocity dispersions
(σ), stellar masses (M∗), K corrections, magnitudes, and emis-
sion line equivalent widths is highly valuable for using ho-
mogeneous measurements for age dating (Moustakas et al.
2023a,b). In particular, we use the FastSpecFit v3.0 cata-
logs3. The paper containing the detailed description of the
FastSpecFit VAC is in preparation (Moustakas et al., in
prep).

1 https://github.com/desihub/redrock
2 https://fastspecfit.readthedocs.io/en/latest/fastspec.

html
3 https://data.desi.lbl.gov/public/dr1/vac/dr1/

fastspecfit/iron/v3.0/catalogs/
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2.2 Sample selection and composition

Rigorous selection of purely passively evolving galaxies is nec-
essary to minimise contamination from younger star-forming
systems and to ensure reliable differential age (or D4000n)
measurements (Moresco et al. 2018). We therefore use a few
steps and properties to select our main sample, before divid-
ing it further into velocity dispersion bins, and examining the
sample properties, in Section 2.3:
Step 1: By survey design, all LRGs are assigned to dark-

time observations. We go through all “dark time” data (the
SV and MAIN samples that form part of DR1), and first se-
lect all objects classified as “GALAXY”. Another crucial quality
flag is “ZWARN=0”, which indicates that there are no known
problems with the input spectroscopic data or the redshift
fit. This criterion is generally recommended for selecting ob-
jects with reliable redshifts (DESI Collaboration et al. 2024,
2025).
Step 2: We then remove objects where the velocity disper-

sion could not be fitted from the spectra. These objects were
assigned a nominal/default velocity dispersion of 250 km s−1

(also see Appendix A). It is particularly the higher redshift
galaxies for which velocity dispersions could not be accurately
fitted, and the removal of these objects effectively results in a
rather sharp cut-off of objects at approximately z = 1.05 that
can be seen in Figures 1 and 2 (top panel). By survey design,
the LRGs were also selected to be below z < 1.1.
Step 3: We also make a cut in stellar mass following previ-

ous CC studies, e.g., Moresco et al. (2016), and select galaxies
with stellar mass logM⋆/M⊙ > 10.75 (see Figure 1, left panel).
The stellar masses were derived from spectral energy distri-
bution (SED) fitting by FastSpecFit and using a Chabrier
(2003) initial mass function (IMF). In general, galaxies above
logM⋆/M⊙ > 10.5 are expected to be slow rotators and pas-
sive (e.g., Veale et al. 2017).
Step 4: We next select galaxies without detectable emission

lines, where we use the [OII] λ3727 Å line to make the cut
since, given the wavelength range, it is measurable through-
out our entire redshift range. The instrumental resolution
(λ/∆λ ) of DESI, which varies from 2000 in the blue arm to
approximately 5000 in the near-infrared arm, is sufficient to
resolve the [OII] doublet. Similarly to Moresco et al. (2016);
Tomasetti et al. (2023), we use a cut-off in equivalent width
of five, but we make a strict selection of only galaxies with an
equivalent width EW([OII] λ3726) < 5 and EW([OII] λ3729)
< 5 to select passive galaxies. This [OII] emission line is, like
Hα, extremely sensitive to the presence of the youngest and
hottest stars with ages < 10 Myr (Loubser et al. 2024), and
this selection removes all galaxies with very recent star for-
mation (Figure 1, middle panel).
Step 5: We further select galaxies with accurate D4000n

measurements by excluding galaxies with an error on D4000n
> 0.25. This selects galaxies with a signal-to-noise ratio
around D4000n greater than 10 (Moresco et al. 2016). This is
shown in the right panel of Figure 1.

2.3 Sample properties

To further investigate the properties of galaxies selected
through this sample selection, we divide the sample into ve-
locity dispersion (σ) bins in Figure 2, where we are particu-
larly interested in the most massive galaxies, i.e., all galaxies

with σ > 280 km s−1 (the two highest velocity dispersion bins,
consisting of 363 796 galaxies). These most massive galaxies
are mostly distributed between 0.3< z< 1.0 (Figure 2, bottom
panel), with a sharp cut-off visible at z ∼ 1.05 as discussed in
Section 2.2.

We prefer to use only spectroscopic properties for sample
selection and not colours because of the effect of dust ex-
tinction, contamination, incompleteness, as well as the large
redshift range and associated uncertain magnitude and colour
corrections. Instead, we investigate the distributions of prop-
erties for the highest-mass galaxies to test our selection in
Figure 3, and to ensure that our selected sample is phys-
ically reasonable. Here, we show the three highest velocity
dispersion bins, i.e., all objects with > 250 km s−1, and
look at their specific star formation rate (sSFR), their light-
weighted simple stellar population equivalent (SSP) age, and
their g−r colours. We also include the distributions of stellar
mass (logM⋆/M⊙).

Figure 3 (top left panel) shows that sSFR is below 10−11

yr−1, which is where galaxies are generally considered passive
(Wetzel et al. 2012; Furlong et al. 2015). This also confirms
the absence of objects with very recent or current star for-
mation. To investigate the possible contamination by galaxies
with star formation in the last ∼100 Myr to 1 Gyr, we con-
sider the light-weighted simple stellar population-equivalent
(SSP) Age and g− r colour (Figure 3, top right panel, and
bottom left panel). The light-weighted SSP-equivalent age
will be heavily biased towards younger (luminous) stars if
any stellar populations < 1 Gyr are present (Loubser et al.
2016), and we find a negligible number of galaxies below an
SSP-equivalent age of 5 Gyr. However, Figure 3 also shows
that a significant fraction of the galaxies (in each of the bins)
have SSP equivalent ages of ∼ 6 Gyr. The feature is artificial
and stems from the fact that there is typically not enough in-
formation in the continuum spectra to derive accurate ages.
This has no effect on our results as we do not use these fit-
ted ages directly, instead we calibrate the D4000n – redshift
relation using stellar population models themselves (Section
3.2). The templates used in FastSpecFit is the theoretical
spectral library C3K available in the Flexible Stellar Popula-
tion Synthesis (FSPS) models (Conroy et al. 2009; Conroy
& Gunn 2010). If we disregard the peak, then we find a rea-
sonably tight correlation between age and redshift, given the
constraints, as expected.

Fortunately, similar information about possible star forma-
tion in the last ∼100 Myr to 1 Gyr is contained in the g− r
colour (Figure 3, bottom left panel). The colour g− r is de-
rived from the absolute magnitude in the DECam g band and
r band from Legacy Imaging Surveys (Dey et al. 2019), band
shifted to z = 1.0 assuming h = 1.0, by FastSpecFit. Lower
values also indicate stellar populations younger than 1 Gyr
(Loubser et al. 2024). The colours g−r are in agreement with
the colour distribution for the selection of the LRG sample
shown in Figure 3 of Zhou et al. (2023). Since the colours
were corrected to z = 1.0, we expect the distribution for pas-
sive, massive galaxies to have a peak > 1.7 mag (depending
on the SED model assumed for the correction). In particular,
the strong D4000n is redward of both g and r at z = 1.0, so
both bands probe the steep UV slope of an old population.
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Figure 1. The sample selection, illustrated in the D4000n–redshift plane, as detailed in Section 2.2. The number of galaxies retrieved with

each selection cut is given in the legend.
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Figure 2. Top panel: The selected sample divided into velocity dis-
persion (σ) bins (with objects with the default velocity dispersion

of 250 km s−1 removed as shown in Appendix A). Lower panel: We

bin redshift (from z = 0.2 – 1.1 in steps of 0.02), and we only use
galaxies with σ > 200 km s−1. The plots illustrate why we fit the

D4000n–z relation (Section 3.1) in the range 0.3 < z < 1.0.

2.4 D4000n measurements

There are two effects that we need to consider that can po-
tentially affect our D4000n measurements. The first is that
the 1.5′′ diameter fibres of DESI cover the entire, or a large
part, of galaxies at z = 1.0, compared to covering a smaller
part of massive galaxies at z = 0.3. If there is a strong D4000n
gradient across the galaxy, there can be a D4000n – z relation
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Figure 3. Distributions of sSFR, light-weighted SSP-equivalent

Age, g− r colours, and stellar mass (logM⋆/M⊙), for the massive
galaxies (σ > 250 km s−1). The distributions for all three velocity
dispersion bins are very similar.

purely as a result of geometry. In Appendix B, we use the
IFU data of massive, passive galaxies in MaNGA to simulate
DESI-sized apertures at different redshifts. The second ef-
fect is broadening, where an index measurement for a higher
velocity dispersion galaxy can be broadened because of the
velocity dispersion. We use SSP models to derive the broad-
ening function for D4000n in the Appendix C. We show that
both of these effects have a negligible influence on the results
that follow.

3 RESULTS

3.1 Downsizing and the D4000n − z relation

Based on Figure 2, we divide the selected sample into five
velocity dispersion bins (200 – 225, 225 – 250, 250 – 280, 280

MNRAS 000, 1–13 (2025)
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Figure 4. We divide the galaxies into velocity dispersion bins, and we bin the galaxies in redshift bins between 0.2 < z < 1.1 where each bin
is ∆z = 0.02 wide – the density of galaxies in these bins are shown in grey-scale in the background. The straight lines fitted to the medians

of the bins between 0.3 < z < 0.9 (the range where there is a sufficient number of galaxies in all five bins) is plotted together in the bottom

right panel, and clearly illustrates the effect of downsizing. The 68% confidence levels on the fitted lines are shown in shaded bands.

– 320, and > 320 km s−1), and we exclude all objects with
the nominal velocity dispersion of 250 km s−1. We bin the
galaxies into redshift bins between 0.2 < z < 1.1 where each
bin is ∆z = 0.02 wide. The redshift bin width of ∆z = 0.02
is the maximum that should be used (Borghi et al. 2022b;
Loubser et al. 2025), as it corresponds to a cosmic time at
z = 0.6 for which the D4000n index is expected to change
negligibly (the exact value depends on the stellar population
model, metallicity, etc. as discussed in Section 3.2). For each
redshift bin, we derive the median as well as the standard
error on the median (SE), and use this to fit a single straight
line between 0.3< z< 0.9 (the range where there is a sufficient
number of galaxies in all five bins) for each velocity dispersion
bin, as shown in Figure 4. The 68% confidence levels on the
fitted lines are shown with shaded bands, and the density of
galaxies in the bins is shown in grey-scale in the background.

We then show the five fitted lines together in the last panel
of Figure 4 for easy comparison. It can be seen here that the
slopes become shallower with decreasing velocity dispersion,
and the data points more scattered. The figure illustrates how
more massive galaxies are older, even among massive, pas-
sive galaxies. Galaxy mass drives galaxy evolution, with more
massive galaxies forming their stars at earlier cosmic epochs
compared to less massive ones (Cowie et al. 1996; Thomas
et al. 2010). We therefore expect multiple age (or D4000n)–z
relations for different masses of populations, forming an enve-
lope in the D4000n–z plane. Figure 4 also illustrates that this
‘downsizing’ effect is pronounced, as the difference between
the slope of the bin with velocity dispersion > 320 km s−1,
and the 200 – 225 km s−1 bin has an 8σ significance. This
strong downsizing evidence justifies mass-dependent slopes
and a strict velocity dispersion-threshold.

The statistical power of the DESI DR1 data allows us to
quantitatively test the effect of relaxing the velocity disper-

sion threshold. We test a range of velocity dispersion thresh-
olds, where we aimed to balance the statistical uncertainty on
the slope and the systematic uncertainty that will be intro-
duced by lowering the threshold. From Figure 4 it can be seen
that the two slopes for the 280 – 320, and > 320 km s−1 ve-
locity dispersion bins are nearly identical, and combined the
two bins contain more than 360 000 galaxies. We find that us-
ing the velocity dispersion σ > 280 km s−1 selection provides
the optimal combination of precision and accuracy. We test
this absence of mass dependence of the D4000n–z slope when
σ > 280 km s−1 is used, and confirm that the median val-
ues of D4000n (binned in small velocity dispersion bins) show
no correlation with velocity dispersion above this threshold.
Figure 4 shows that unless one has a very large sample of
galaxies and reliable velocity dispersion measurements, there
is a danger of mixing different galaxy mass populations which
would directly have a significant (smearing) effect on the de-
rived value of H(z). The figure also illustrates that only the
highest velocity dispersion bins (e.g., σ > 280 km s−1) should
be used for accurate CC studies.

We test the sensitivity of the slope (dD4000n/dz) to the red-
shift binning, and find that ∆z = 0.01 is optimal (best reduced
χ2

red), although the slope is not very sensitive to the binning
used, as long as the maximum redshift binning of ∆z = 0.02 is
not exceeded. We, therefore, use the median D4000n (and
the standard error on the median) in small redshift bins
(∆z = 0.01), and because H(z) evolves with redshift, we fit
the relation in the range 0.3 < z < 1.0 with a piecewise linear
function adopting the public PYTHON code pwlf4 by Jekel &
Venter (2019).

To avoid residual contamination, we use iterative sigma-
slipping to fit of the D4000n–z relation. We use a sigma (σc)

4 https://pypi.org/project/pwlf/
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Figure 5. The D4000n − z relation for galaxies with σ > 280 km s−1, with a redshift binning of ∆z = 0.01. We fit a piece-wise linear function

(PWLF) between 0.3< z< 1.0 to the median (and standard error on the median) values, using iterative sigma-slipping, with the breakpoints

at z = 0.55 and z = 0.78.

of three for the clipping, and the fit converges within two it-
erations. We use the reduced χ2

red to test the optimum break-
points, and their locations, for the piecewise linear function
fitting. We balance between measuring as many H(z) mea-
surements as possible, over a range of redshifts, while keep-
ing the χ2

red (and the statistical uncertainty on each of the
slopes) low. We find that using two breakpoints (at z = 0.55
and z= 0.78) provides the best balance, with each of the three
bins still having a minimum of 75 000 galaxies. We find that
from the 70 data points (from z= 0.3 to z= 1.0 with ∆z= 0.01),
17 are clipped with the 3σc threshold, resulting in a reduced
χ2

red of 1.85 (compared to a reduced χ2
red of 6.3 when all 70

data points are used as a baseline).

This sigma-clipped fit between 0.3 < z < 1.0, for galaxies
with σ > 280 km s−1, is shown in Figure 5 with the break-
points at z = 0.55 and z = 0.78 indicated on the figure. The
binned median data points clipped in the iterative sigma-
slipping, as well as those that fall outside of the redshift range
fitted, are shown in magenta, while the binned medians used
in the fitting is shown in cyan. These are the three slopes
(dD4000n/dz) that we use to derive the three H(z) values. We
take the median redshift for each of the three redshift bins
rather than the bin centre, because the redshift distribution is
skewed and non-uniform as shown in Figure 2 (bottom panel).
The median redshift for 0.3 – 0.55 bin is z = 0.46 (number of
galaxies 93 198), and for the 0.55 – 0.78 bin is z = 0.67 (num-
ber of galaxies 187 853), and for the 0.78 – 1.00 bin is z = 0.83
(number of galaxies 77 208). Thus the total number of galax-
ies included in the fitting is 358 259, and the remaining 5
537 galaxies with σ > 280 km s−1 has redshifts outside our
range of 0.3 < z < 1.0. Our statistical uncertainties from the
fit in Figure 5 is 0.65% on the slope (dD4000n/dz) at z = 0.46,
5.35% at z = 0.67 and 9.30% at z = 0.83.

3.2 Calibration of the D4000n − z relation

We use Eq. 1, rewritten in terms of D4000n:

H(z) =−A(Z,M)

1+ z
dz

dD4000n
, (2)

as also used in Moresco et al. (2012, 2016); Loubser et al.
(2025), where A(Z,M) (in units of Gyr−1) is the conversion
factor between age and D4000n, and Z is stellar metallicity
and M a combination of stellar population modelling depen-
dencies such as the assumed star formation history, stellar
library, and stellar population models. The statistical uncer-
tainty is entirely contained in dz/dD4000n (the inverse of the
slopes fitted in Figure 5), while the systematic uncertainty is
entirely contained in A(Z,M).

Our calibration of the D4000n − z relation, to obtain H(z),
is a strong function of stellar metallicity (Z) through A(Z,M).
Instead of using the FastSpecFit fitted metallicity, which is
heavily affected by the typical lack of features in the contin-
uum spectra, and because fitted metallicities can be subject
to the age–metallicity degeneracy, we rather derive the sensi-
tivity of our H(z) measurements to Z, as shown in Figure 6.
This also allows us to simultaneously understand the contri-
bution of the stellar metallicity to the total systematic uncer-
tainty. Here, we use the MaStro (M11) models (Maraston &
Strömbäck 2011), with a resolution of 2.3 Å, that have been
constructed using the MILES (Vazdekis et al. 2010) stellar
library and a Chabrier IMF (Chabrier 2003). These models
are provided for three stellar metallicities, Z/Z⊙ of 0.5, 1.0,
and 2.0. We choose these particular models because we can fit
one straight line in the region of our D4000n measurements,
for each of the three metallicities, in Figure 6 (top panel), but
we incorporate the uncertainty due to the choice of model in
our systematic errors in Section 3.3. We indicate the range
of median D4000n measurements that we find for our sample
(1.76 to 1.98) with two grey dashed lines in Figure 6 (top
panel).
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From the literature, we expect the stellar metallicity of
massive, passive galaxies to be well constrained around so-
lar, or slightly over-solar, metallicity. In particular, for a
large sample of nearby massive, passive galaxies from SDSS
(logM⋆/M⊙ > 10.75, and z < 0.3), Citro et al. (2016) found
Z ∼ 0.027± 0.002 (with a slight variation depending on the
stellar synthesis models used), confirming earlier studies e.g.
Gallazzi et al. (2005). Some studies report no significant evo-
lution in stellar metallicity for massive, passive galaxies with
redshift (e.g. Gallazzi et al. 2014; Borghi et al. 2022a; Jiao
et al. 2023, up to z ∼ 0.7; and Onodera et al. 2015; Estrada-
Carpenter et al. 2019, up to z∼ 1.6). On the other hand, other
studies, e.g., Beverage et al. (2021), report a non-negligible
evolution (∼ 0.1 to 0.2 dex) since z= 0.7, with nearby galaxies
being more metal rich than their higher redshift counterparts.
However, we do not expect the mean stellar metallicity of our
galaxies (0.3 < z < 1.0) to deviate too much from solar metal-
licity. In the lower panel of Figure 6, we show the three fitted
slopes, A(Z,M) from the top panel, as a function of stellar
metallicity. Here, too, we can fit a straight line.
When we assume a typical uncertainty of 10% on a fitted

Z (around solar metallicity), we can use this straight line
and an analytical linear error propagation function and find
that it propagates to an uncertainty of ∼10% on A(Z,M),
and therefore on the systematic uncertainty on H(z). This
agrees with the most conservative uncertainty contribution
(that is, the worst-case scenario, 9.8%) derived in Moresco
et al. (2020), whereas the metallicity only contributes 1.9%
to the total uncertainty in their best-case scenario. We also
test the fractional shift in H(z) when other models are used to
derive the sensitivity to Z, e.g., for the FSPS models (Conroy
et al. 2009; Conroy & Gunn 2010), using the MILES library
and Chabrier IMF, we find a fractional shift in H(z) of 6.5%
(at solar metallicity), compared to when the MaStro models
are used. This agrees with the uncertainty contribution of the
stellar population models described and used in Section 3.3.

3.3 Systematic and total errors

Various previous CC studies (Moresco et al. 2020, 2022;
Borghi et al. 2022b) have been dedicated to derive the contri-
butions of different components, related to the stellar popu-
lation modelling, to the systematic uncertainty on H(z). The
same equation as used in Loubser et al. (2025), derived from
the analysis by Moresco et al. (2020), for a conservative sys-
tematic error (σsyst) is applicable here, the only difference
being the contribution of the stellar metallicity. The analysis
by Moresco et al. (2020) cross-check and validate five stel-
lar population models, including the MaStro (Maraston &
Strömbäck 2011) models, which we use here for the deriva-
tion of the H(z) to stellar metallicity sensitivity (Section 3.2).
Our DESI DR1 CCs has D4000n measurements well within
the range tested in Moresco et al. (2020). The contribution of
the metallicity component of 3% in Loubser et al. (2025) was
specifically derived for the use of BCGs as CCs (which had
higher D4000n measurements), whereas the other contribu-
tions remain the same. We account for the typically slightly
lower stellar metallicity of all massive, passive galaxies (com-
pared to only BCGs), and use the slopes fitted in Figure 6.
For the BCGs, we measured D4000n between 1.9 and 2.3.
Here, because we measure the median D4000n values from
1.76 to 1.98, where the slope of A(Z,M) is steeper, it leads to a
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Figure 6. The top panel shows MaStro (Maraston & Strömbäck

2011) models with a Chabrier IMF and for its three stellar metal-
licities, Z/Z⊙ of 0.5 (Z = 0.009, half solar), 1.0 (Z = 0.019, solar), and
2.0 (Z = 0.038, twice solar). The range for our median D4000n val-

ues is indicated with the grey dashed horizontal lines and straight
lines are fitted between these two lines. In the lower panel we show

the three slopes, A(Z,M), against the stellar metallicity.

greater contribution to the systematic uncertainty. As shown
in Section 3.2, the contribution of stellar metallicity to the
systematic uncertainty in the case of this sample of massive
passive galaxies is 10%. Thus, we can adapt the equation for
σsyst to:

σsyst =±3%(SFH)±7%(library)±6%(model)±10%(Z), (3)

where the four contributions are derived from the choices of
star formation history (SFH), stellar library, stellar popula-
tion model, and stellar metallicity (Z). The contributions are
added in quadrature. Thus, the systematic error amounts to
13.9% (as opposed to 10.1% in the case where only BCGs are
used).

In the redshift range 0.3 < z < 0.55, where dD4000n/dz is
–0.426 ± 0.003, and with solar metallicity, we find:

H(z) = 88.48± 0.57(stat)±12.32(syst) km s−1 Mpc−1at z= 0.46.

(4)

In the 0.55 < z < 0.78 range, where dD4000n/dz is –0.299 ±
0.016, and with solar metallicity, we find:

H(z)= 119.45± 6.39(stat)±16.64(syst) km s−1 Mpc−1at z= 0.67.

(5)
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Lastly, in the 0.78< z< 1.0 range, where dD4000n/dz is –0.301
± 0.028, and with solar metallicity, we find:

H(z)= 108.28± 10.07(stat)±15.08(syst) km s−1 Mpc−1at z= 0.83.

(6)

The systematic uncertainties are common to the three H(z)
measurements, and highly correlated. For cosmological fit-
ting, combining our data with other data, and accurate un-
certainty propagation, we provide the correlation coefficients
between the three measurements: ρ(z=0.46, z=0.67) = 0.932,
ρ(z=0.46, z=0.83) = 0.830, and ρ(z=0.67, z=0.83) = 0.776.

4 OUR MEASUREMENTS IN A COSMOLOGICAL
CONTEXT

4.1 The evolution of H(z)

We compare our measurements with previous measurements
made with CC in Figure 7 (top panel). We distinguish be-
tween CC measurements made using full-spectrum fitting
(FSF) or Lick indices by indicating them in grey (a com-
pilation of data from Ratsimbazafy et al. 2017; Borghi et al.
2022b; Jimenez et al. 2023; Jiao et al. 2023; Tomasetti et al.
2023), and we emphasise measurements made with D4000n
in colour (from Moresco et al. 2012; Moresco 2015; Moresco
et al. 2016, as well as Loubser et al. 2025, although it should
be noted that the latter only uses BCGs). In the full-spectrum
fitting approach, it is more difficult to accurately separate
the various contributions to the systematic errors from the
ingredients of the stellar population models and the degen-
eracies between them (see also the discussion in Ahlström
Kjerrgren & Mörtsell 2023). For convenience, we summarise
all the CC measurements made using D4000n in the Ap-
pendix D. It constitutes a homogeneous set of CC observa-
tional Hubble data points (OHDs) to test cosmological mod-
els. We add our three new measurements made from DESI
DR1 in Figure 7 in magenta. As is standard in CC H(z)
evolution plots, we also show a reference ΛCDM H(z) evolu-
tion, for comparison (solid red line). This was obtained using
the built-in Planck18 cosmology in the astropy.cosmology

module. It sets H0 = 67.66 km s−1 Mpc−1, Ωm = 0.30966 and
ΩΛ = 0.69034, where Ωm is the fractional matter density
and ΩΛ is the fractional density of the cosmological con-
stant (Planck Collaboration 2020, 2021; Astropy Collabora-
tion et al. 2013, 2018).
While not the main purpose of this paper, we show two ad-

ditional cosmological models in the bottom panel of Figure
7 for interest, and to illustrate the possible applications to
cosmology. Here we show only the CC measurements made
using D4000n as given in the Appendix D. The standard ref-
erence is the Planck18 cosmology as described above and
shown with the solid red line. We then show a simple exten-
sion of flat ΛCDM with the matter density set as Ωm = 0.4
(high matter density) shown with a blue dotted line, as well
as a Ωm = 0.25 (low matter density) with a green dotted line.
This illustrates how the H(z) curve bends. A higher Ωm trans-
lates to a higher H(z) at z > 0 because the Universe was more
matter-dominated and decelerating faster.
For our three new H(z) measurements shown in Figure 7,

we do a pull analysis and find that the z = 0.67 data point
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Figure 7. Top: H(z) derived from CCs at different redshifts. We

indicate measurements made using full-spectrum fitting (FSF) or
Lick indices as light grey data points, and emphasize measure-

ments made with D4000n in colour. To guide the eye, we show the

standard ΛCDM Planck18 H(z) evolution in a solid red line. We
show our new measurements in magenta. Bottom: We only show

the CC D4000n measurements, and we show a simple extension of

flat ΛCDM with the matter density set as Ωm = 0.4 (high matter
density) shown with a blue dotted line, as well as a Ωm = 0.25 (low

matter density) with a green dotted line, to illustrate possible ap-
plications.

is 1.2σ above the Planck ΛCDM (with Ωm = 0.30966) cos-
mology, whereas the other points are within 0.1σ , and with a
p-value of 0.72, there is no significant tension with Planck18

(p > 0.05). While not significant in this case, a higher H(z)
could suggest a higher expansion rate (Riess et al. 2022), or
a dark energy equation of state with w < −1, or a dark en-
ergy equation of state that is evolving. Dedicated, rigorous,
systematic studies are needed to test cosmological models
against OHD measurements.

4.2 Deprojection and H0 probes

We now deproject our measurements of H(z = 0.46), H(z =
0.67) and H(z = 0.83) to z = 0, and obtain an estimate of H0
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Figure 8. Our H0 estimate (in magenta), for a flat ΛCDM with a
fixed Ωm, compared to the CMB early-universe and SH0ES mea-

surements (as described in Section 4.2). We also show the H0 value

derived by Said et al. (2025) using the DESI PV survey (using the
Fundamental Plane and optical Tully–Fisher relation).

using

H(z) = H0

√
Ωm(1+ z)3 +(1−Ωm), (7)

for a flat ΛCDM with a fixed Ωm. We use the FlatLambdaCDM
module in astropy.cosmology with Ωm = 0.30966. For this
illustration we add the statistical and systematic uncertain-
ties in quadrature, and it amounts to 12.3 (13.9%) at z= 0.46,
17.8 (14.9%) at z = 0.67, and to 18.1 (16.7%) at z = 0.83. The
results of the deprojection, respectively, is H0 = 68.74±10.81,
H0 = 81.81 ± 10.20, and H0 = 67.28 ± 10.38 km s−1 Mpc−1,
where errors include systematic and statistical uncertainties.
The deprojection to H0 depends on the cosmological model
that is used, however Ωm is extremely well constrained from
various measurements. When deprojecting our H(z) measure-
ments to H0 under the flat ΛCDM assumption with Ωm =
0.30966, we estimate an additional systematic uncertainty of
±0.5–1.5 km s−1 Mpc−1 from varying Ωm within the conserva-
tive, Planck -constrained range of 0.30 – 0.32. This cosmolog-
ical systematic is negligible compared to our dominant sys-
tematic uncertainties of ±12–17 km s−1 Mpc−1. We can com-
bine the three estimates into one H0 using an inverse-variance
weighted mean to find:

H0 = 72.82±6.03 km s−1 Mpc−1 (8)

Figure 8 shows our deprojected value of H0 (in magenta)
compared to a range determined by combining various recent
early Universe measurements (specifically Planck Collabora-
tion 2021; Alam et al. 2021; Aiola et al. 2020; Madhavacheril
et al. 2024; Abbott et al. 2022; DESI Collaboration et al.
2024; Louis et al. 2025), and indicated with a light grey ver-
tical band. We also show the“SH0ES” late Universe measure-
ment (in a light yellow vertical band), made using calibration
from Hubble Space Telescope observations of Cepheid vari-
ables in supernova (SN) type Ia host galaxies (Riess et al.
2022). For comparison, we also include the H0 value recently
derived by Said et al. (2025) using the DESI peculiar velocity
(PV) survey of early- and late-type galaxies within the DESI
footprint using both the Fundamental Plane (FP) and optical
Tully–Fisher (TF) relation “DESI PV FP & TF” in Figure
8. Our deprojected H0 estimate agrees more closely with the
late-Universe methods (as already suggested by Figure 7),
but within the total (systematic and statistical) uncertain-
ties, it is consistent with both the late- and early-Universe
measurements.

5 SUMMARY

The DESI survey is already delivering unprecedented volumes
of galaxy spectroscopic data. DESI DR1 is nearly four times
larger than all previous Sloan Digital Sky Survey (SDSS) pro-
grammes combined (DESI Collaboration et al. 2025). This
provides the ability to measure constraints on cosmological
tensions and to study galaxy evolution with huge statisti-
cal samples. Louis et al. (2025) presents an H0 measurement
using baryon acoustic oscillations (BAO) data from DESI,
combined with the Atacama Cosmology Telescope (ACT)
DR6 power spectra, and CMB lensing from ACT and Planck,
that agrees with other early-Universe measurements, consis-
tent with ΛCDM. But, as the first three years of DESI data
are analysed, there are mounting indications that the impact
of dark energy may be weakening over time and that other
models may be a better fit. It is therefore particularly inter-
esting to analyse the DESI data using the Cosmic Chronome-
ter (CC) method, which gives an independent measurement
of H(z), not assuming a cosmological model. CCs do not de-
pend on early-time physics or the traditional cosmic distance
ladder and are directly related to the value of H(z) at a spe-
cific redshift, rather than to the integral of H(z), which is
commonly probed in angular diameter measurements.

We extracted all massive galaxies (logM⋆/M⊙ > 10.75, and
σ > 280 km s−1) without emission in [OII] λ3727 Å, and
with reliable redshifts and D4000n measurements from DESI
DR1. From this sample of 360 000 massive, passive galaxies,
the largest CC sample yet, we use D4000n to get a direct
measurement of H(z) with reliable statistical and systematic
uncertainties. We find H(z) = 88.48 ± 0.57(stat)±12.32(syst),
H(z) = 119.45 ± 6.39(stat)± 16.64(syst), and H(z) = 108.28±
10.07(stat)± 15.08(syst) km s−1 Mpc−1 at z = 0.46, z = 0.67,
and z = 0.83, respectively.

For our three new H(z) measurements shown in Figure 7,
two are remarkably consistent with the Planck18 ΛCDM ref-
erence evolution shown, while the z = 0.67 data point is 1.2σ

above the Planck18 reference evolution. With a p-value of
0.72, there is no significant tension with Planck18. For conve-
nience, we summarise a separate, homogeneous OHD data set
using only D4000n CC measurements that can be used to test
cosmological models more rigorously in dedicated future stud-
ies. We can deproject our measurements to H0 to compare it
to other probes, and we find H0 = 72.82±6.03 km s−1 Mpc−1.
Our estimate agrees more closely with the late-Universe
methods, but within the total (systematic and statistical)
uncertainties, it is consistent with both the late- and early-
Universe measurements.

Our statistical uncertainties reach 0.65%, 5.35%, and 9.30%
on our three measurements. Now that this statistical preci-
sion is achievable, the main area for future improvements
is the systematic uncertainties. To improve on the system-
atic uncertainties, while still using very large galaxy sam-
ples, we would need to improve the method’s sensitivity to
stellar metallicity by refining and improving the metallicity
grids and ranges of the stellar population models. This will,
in turn, also allow more accurate stellar metallicity measure-
ments from galaxy spectra. Stellar population models are con-
tinuously being improved, e.g., to allow for α-enhancements
(Vazdekis et al. 2015), improved theoretical stellar libraries
e.g., C3K in FSPS (Conroy & Gunn 2010), bayesian analy-
sis and the inclusion of non-parametric star formation histo-
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ries (Johnson et al. 2021). Current, and future surveys e.g.,
4MOST (de Jong et al. 2022) promises larger and more pre-
cise empirical stellar libraries, and hopefully our understand-
ing of the inconsistencies between different models will also
improve. The alternative method is to use a more homoge-
neous sample selection of the most massive galaxies (BCGs),
e.g., in Loubser et al. (2025), but then the statistical uncer-
tainty increases tremendously due to limited sample size.
In our analysis, we also illustrate that even amongst sam-

ples of the massive, passive galaxies, the effect of downsizing
can clearly be seen. We confirm results from previous CC
studies (e.g., Borghi et al. 2022b), that only the highest ve-
locity dispersion galaxies (> 280 km s−1) should be used for
accurate CC studies. As a consequence, the CC approach ab-
solutely relies on accurate velocity dispersion or stellar mass
measurements to identify massive, passive galaxies at any
given redshift.
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APPENDIX A: NOMINAL VELOCITY DISPERSION
VALUES

Here, we show a version of Figure 2 (bottom panel), but with-
out removing galaxies with the nominal/default velocity dis-
persion of 250 km s−1. These are the objects for which the
velocity dispersion could not be accurately fitted. Figure A1
shows how this will affect the velocity dispersion distribution
in the 240 < z ≤ 250 km s−1 bin, therefore, we use this bin as
240 < z < 250 km s−1 throughout the paper.
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Figure A1. The selected sample divided into velocity dispersion (σ)
bins (as used directly from the VAC). This is a replica of Figure 2

(bottom panel), but without the removal of the galaxies with the
default velocity dispersion of 250 km s−1.

APPENDIX B: APERTURE EFFECTS

In this section, we test the effect of aperture fill (or cover)
on our results. DESI’s 1.5′′ diameter fibres, assuming stan-
dard cosmology, correspond to ∼6.7 kpc (radius 3.35 kpc)
at z = 0.3 – covering at least the central bulge region of a
massive galaxy. At z = 1.0, it corresponds to ∼12 kpc (ra-
dius 6 kpc) – often most or all of the light of the galaxy.
This difference in coverage becomes particularly problematic
when measuring properties with a strong gradient across the
galaxy. For the D4000n measurements, plotted as a function
of z, we need to test whether there might be an artificial
trend with z even if the true population of the galaxy did not
evolve, i.e., purely as a result of the fibre sampling a larger
fraction of the galaxy at higher z. Theoretically, for a massive
early-type galaxy, we can consider a de Vaucouleurs surface
brightness profile, a mild negative radial gradient in D4000n,
and a shallow velocity dispersion decline with radius, then
compute the luminosity-weighted values inside the fibre ra-
dius as a function of z (using a simple kpc/arcsec approxima-
tion). We can also use Integral Field Unit (IFU) observations
of nearby massive, passive galaxies to quantitatively test the
effect.

We used the Sloan Digital Sky Survey IV Mapping Nearby
Galaxies at the APO (MaNGA) survey (Bundy et al. 2015)
Firefly Value-Added Catalogue6, containing measurements
for 4675 MaNGA galaxies from DR16. The catalogue con-
tains basic galaxy information (e.g., galaxy ID, galaxy mass),
global parameters (e.g., central age), gradient parameters
(e.g., age gradient) and spatially resolved quantities (e.g., 2D
age maps) by Goddard et al. (2017) and Parikh et al. (2018).
From this VAC, we select nearby (z< 0.1) galaxies with stellar
mass logM⋆/M⊙ > 11 and with light-weighted stellar popula-
tion age > 8 Gyr. We then extract the MaNGA DR16 flux
cubes for the 47 galaxies that match the criteria using the
Marvin Webservice7. We then use the Marvin Python tools
to simulate DESI-sized apertures at different redshifts from

6 https://www.sdss4.org/dr16/manga/manga-data/

manga-firefly-value-added-catalog/
7 https://magrathea.sdss.org/marvin/
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Figure B1. We extract integrated 1D spectra from simulated DESI-
sized apertures at different redshifts from z = 0.3 to 1.0 from a

MaNGA galaxy with properties typical of our selected sample.

From this, we measure the change in light-weighted D4000n mea-
surements as a result of different fibre cover. The extracted, inte-

grated 1D spectra are shown in the top panel, and the apertures

indicated on a 2D flux map in the bottom panel.

z = 0.3 to 1.0. From these apertures, we extract integrated
1D spectra, and measure the light-weighted D4000n to anal-
yse the effect of different fibre coverage.
We show a typical example in Figure B1. The extracted, in-

tegrated 1D spectra are shown in the top panel, and the aper-
tures are indicated on a 2D flux map in the bottom panel. Be-
cause the measurements are light-weighted properties, with
surface brightness declining steeply towards the outskirts of
the galaxy, we find that the typical decrease in measured
D4000n for the integrated aperture-extracted spectra across
z = 0.3 to 1.0 is only 1 – 2%. We find similar results for veloc-
ity dispersion. In addition, note that DESI’s ∼1.1′′ seeing can
smear light into the fibre, slightly increasing effective aper-
ture, especially at lower z. Combined, we can conclude that
the effect of fibre cover is, therefore, negligible on our results.

APPENDIX C: BROADENING CORRECTION FACTOR
FOR D4000N

We also derive broadening functions to measure the effect
of velocity dispersion (broadening) on the D4000n measure-
ments, even if it is expected to be subtle. We follow a method

Figure C1. We calculate the ratio between the value of the index
in the non-broadened (σ = 0) versus the broadened template (σ)

for templates with ages above ∼8 Gyr, and at the three different

metallicities (thus there are three different lines for every colour
that represents the age). We then also fit a combined broadening

correction (using a 4-rth order polynomial) shown with the solid
line.

similar to de la Rosa et al. (2007); Clerici et al. (2024), and use
model spectra to derive the combined broadening function.
We created a library of high-resolution SSP model spectra
from MILES (Vazdekis et al. 2010), which has high intrin-
sic resolution (low σ). We used a grid of spectra from SSP
ages ∼8 to 14 Gyr, and metallicities [Fe/H] of –0.4, 0.0, and
+0.22. We then apply artificial velocity dispersion broadening
by convolving with Gaussians from σ = 0 to 400 km s−1 in 10
km s−1 steps. The instrumental resolution (λ/∆λ ) of DESI
varies as a function of wavelength from 2000 in the blue arm
to approximately 5000 in the near-infrared arm. It is compa-
rable with the resolution of the models, and the broadening
from instrumental resolution is negligible compared to that
from velocity dispersion, particularly for the typical velocity
dispersions of our massive, passive galaxies.

From the artificially broadened spectra, we measure the
D4000n index and fit a 4-rth order polynomial to the broad-
ening correction, i.e., the ratio between the index value in
the non-broadened spectrum (σ=0) versus the measurement
from the broadened template (σ). We show this in Figure C1
for SSP templates with ages greater than ∼ 8 Gyr, and for
the three different metallicities (thus, there are three differ-
ent lines for every colour that represents the age). We then
also fit a combined broadening correction (using a 4-rth order
polynomial) shown with the solid line. This combined broad-
ening function is given by a4x4 +a3x3 +a2x2 +a1x+a0, where
a4 = 0.0028, a3 = −0.0164, a2 = −0.0374, a1 = −0.0384, and
a0 = 1.0145, and where x = log(σ). The figure shows that even
at high velocity dispersion (> 280 km s−1) there is a negligi-
ble correction of < 1% for D4000n measurements. Broadening,
therefore, has no effect on the derived D4000n – z relation.

APPENDIX D: HOMOGENEOUS CC OHD USING D4000N

In the full-spectrum fitting approach used for CC studies,
it can be more difficult to accurately separate the various

MNRAS 000, 1–13 (2025)
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Table D1. CC measurements made using D4000n. The measurement
indicated by ∗ was derived using BCGs only.

Reference z H(z)
km s−1 Mpc−1

Moresco et al. (2012) 0.179 75 ± 4

Moresco et al. (2012) 0.199 75 ± 5

Moresco et al. (2012) 0.352 83 ± 14
Moresco et al. (2016) 0.380 83 ± 13.5

Moresco et al. (2016) 0.400 77 ± 10.2

Moresco et al. (2016) 0.425 87.1 ± 11.2
Moresco et al. (2016) 0.445 92.8 ± 12.9

This paper 0.46 88.48± 0.57(stat)±12.32(syst)
Moresco et al. (2016) 0.478 80.9 ± 9
Moresco et al. (2012) 0.593 104 ± 13

This paper 0.67 119.45± 6.39(stat)±16.64(syst)
Moresco et al. (2012) 0.680 92 ± 8
Moresco et al. (2012) 0.781 105 ± 12

This paper 0.83 108.28± 10.07(stat)±15.08(syst)
Moresco et al. (2012) 0.875 125 ± 17

Moresco et al. (2012) 1.037 154 ± 20

Moresco (2015) 1.363 160 ± 33.6
Moresco (2015) 1.965 186.5 ± 50.4

Loubser et al. (2025) 0.500 72.1± 33.9(stat)±7.3(syst)∗

contributions to the systematic errors from the choices made
in full-spectrum fitting or the degeneracies between them. In
addition, D4000n generally offers tighter constraints than full-
spectrum fitting (Figure 7). For convenience, we summarise
all measurements made using D4000n that can be used as a
more homogeneous set of CC OHD datapoints to test cosmo-
logical models in Table D1. The data are from this paper, and
Moresco et al. (2012); Moresco (2015); Moresco et al. (2016),
as well as Loubser et al. (2025), although it should be noted
that the latter only uses BCGs.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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