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ABSTRACT

‘We present a novel approach to measuring the expansion rate and the geometry of the Universe, which combines time-delay cosmog-
raphy in lens galaxy clusters with pure samples of ‘cosmic chronometers’ by probing the member galaxies. The former makes use
of the measured time delays between the multiple images of time-varying sources strongly lensed by galaxy clusters, while the latter
exploits the most massive and passive cluster member galaxies to measure the differential time evolution of the Universe. We applied
two different statistical techniques, adopting realistic errors on the measured quantities, to assess the accuracy and the gain in precision
on the values of the cosmological parameters. We demonstrate that the proposed combined method allows for a robust and accurate
measurement of the value of the Hubble constant. In addition, this provides valuable information on the other cosmological parame-
ters thanks to the complementarity between the two different probes in breaking parameter degeneracies. Finally, we showcased the
immediate observational feasibility of the proposed joint method by taking advantage of the existing high-quality spectro-photometric

data for several lens galaxy clusters.

Key words. gravitation — gravitational lensing: strong — methods: data analysis — galaxies: clusters: general —
galaxies: clusters: individual: MACS J1149.5+2223 — cosmological parameters

1. Introduction

Emergent, independent probes for measuring the present-day
expansion rate, defined as the Hubble constant (Hy), and the
geometry of the Universe can offer valuable insights into
unknown systematic effects and help clarify current tensions in
cosmology (Verde et al. 2019; Moresco et al. 2022). Time-delay
cosmography (TDC) grants such an opportunity. Almost sixty
years after Refsdal (1964)’s original idea that strongly lensed
supernovae (SNe) with measured time delays between their mul-
tiple images could offer a novel way to measure the value of H,
this technique has provided competitive estimates of its value
(e.g. Suyu et al. 2017; Treu & Marshall 2016; Grillo et al. 2018;
Birrer et al. 2019; Wong et al. 2020; Shajib et al. 2023).

Using time-varying sources strongly lensed by galaxy
clusters represents a complementary and powerful avenue.

The multiply-imaged SN ‘Refsdal’ in the galaxy -cluster
MACS J1149.5+2223 (hereafter, MACS 1149, e.g. Lotz et al.
2017) has allowed for the first measurement of the value
of Hp via a multiply-imaged SN with measured time delays
(Kelly et al. 2016, 2023). In particular, Grillo et al. (2018, 2020),
using a full strong lensing analysis, inferred the value of Hj
with a 6% total (statistical plus systematic) uncertainty. In this
series of two Letters, we present novel methods to enhance and
complement the power of TDC in lens galaxy clusters, first by
observing Type Ia Supernovae (SNe Ia) in cluster member galax-
ies (Acebron et al. 2023, Letter I, hereafter) and then by using
a subset of member galaxies in lens galaxy clusters as ‘cosmic
chronometers’ (CCs).

As shown in Grillo et al. (2018, 2020), to take full advan-
tage of lens clusters as cosmological probes, it is neces-
sary to construct an accurate cluster total mass model by
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leveraging extensive high-quality spectro-photometric datasets
(e.g. Caminha et al. 2017; Bergamini et al. 2019; Lagattuta et al.
2023; Acebron et al. 2022b). In parallel, these data (already
available for several lens galaxy clusters) enable us to homo-
geneously select pure samples of red, massive, and passive clus-
ter members and exploit them as CCs (Jimenez & Loeb 2002;
Stern et al. 2010a). In this work, we explore, for the first time,
the idea of taking advantage of some member galaxies as CCs
to yield an independent measurement of the value of the Hubble
parameter at the lens cluster redshift. From the combination of
these two cosmological probes, we can then assess the gain in
precision on the measurement of the values of the main cosmo-
logical parameters.

The Letter is organised as follows. In Sect. 2, we concisely
illustrate the principles of the TDC and CC probes to infer the
values of the cosmological parameters. In Sect. 3, we detail our
methods to quantify the precision attainable in these measure-
ments with the proposed joint technique. In Sect. 4, we present
our results and describe the observational feasibility of carrying
out this analysis. Finally, we draw our conclusions in Sect. 5.

2. Methods

In this section, we summarise the basic principles behind the
TDC and CC techniques used to measure the values of Hj,
the present-day cosmological densities of matter (€2y,) and dark
energy (Qqe), and the dark-energy equation of state parameter

(w).

2.1. Time-delay cosmography

Gravitational lensing refers to the effect according to which the
light rays emitted from a background source are deflected by
a foreground mass distribution, such as a galaxy or a galaxy
cluster. When the total mass density of the gravitational lens is
sufficiently high, we reach the strong-lensing regime and lensed
sources are multiply imaged.

If the luminosity of a background source is intrinsically vari-
able in time, such as that of quasars or SNe, its different multiple
images appear with a delay in time to the observer that can be
estimated. In particular, the time delay,

D

Aty = A (1)
between two images, i; and iy, of the same background source
can be measured through dedicated (photometric) monitor-
ing campaigns (e.g. Courbinetal. 2018; Millon et al. 2020;
Kelly et al. 2023), while the Fermat potential, ¢, is obtained by
modelling the total mass distribution of the gravitational lens
(c is the speed of light). By determining these two quantities,
one can probe the so-called time-delay distance, Dy, (Suyu et al.
2010), defined as

A NHA
Dy = (1+za)———, )
Dds

where 74 is the redshift of the gravitational lens and D7}, D2,
and Dg‘s are the angular-diameter distances to the lens, to the
source, and between the lens and the source, respectively. From
this combination of distances, we see that Dy, is proportional to
Hy !, with a weaker dependence on the values of the other cos-
mological parameters (Qy,, Qqe, and w). The typical relative total
(statistical plus systematic) errors on the value of Dy, achieved
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by using a single (galaxy or cluster) gravitational lens range
from ~4% to ~9% (e.g. Suyuetal. 2014; Birrer et al. 2019;
Grillo et al. 2020; Wong et al. 2020; Shajib et al. 2023).

2.2. Cosmic chronometers

The CC technique, introduced by Jimenez & Loeb (2002), is
designed to probe the cosmic expansion history of the Universe,
H(z), independently from the adopted cosmological model. The
CC approach exploits a time-redshift relation which, from the
definition of H(z) and those of the scale factor and redshift within
a Friedmann-Robertson-Walker metric, can be expressed as

1 dz

i@ = 1+zdf’ )
where df is the differential time evolution of the Universe in a
given redshift interval, dz. The latter can be robustly measured
from spectroscopy, while df can be determined by using a homo-
geneous population of objects, in different redshift bins, as CCs.
Here, H(z) can be expressed as a function of redshift and of
the values of the cosmological parameters, H(z; Hy, Qn, Qge, W),
scaling proportionally with the value of Hy and with a weaker
dependence on the other cosmological parameters.

Extremely massive and passively evolving galaxies, both in
blank and cluster fields, have been identified as optimal CCs (e.g.
Stern et al. 2010a; Moresco et al. 2012; Zhang et al. 2014). One
of the key steps in this technique is the selection of a pure sample
of such CCs, for which a combination of photometric and spec-
troscopic criteria is commonly adopted (see Moresco et al. 2022,
for a review). In particular, spectroscopy is crucial to ensure the
absence of residual emission lines, which can imply the exis-
tence of ongoing star formation. Typically, high stellar-mass or
stellar velocity-dispersion cuts are also applied to select the most
massive galaxies. The age of the selected CCs can be estimated
following different techniques, such as a full spectral-fitting
approach (e.g. Simon et al. 2005; Stern et al. 2010a; Zhang et al.
2014; Ratsimbazafy et al. 2017), the analysis of specific features
of the galaxy spectrum, known as Lick indices (e.g. Borghi et al.
2022b,a), or of the rest-frame 4000 A break (e.g. Moresco et al.
2012; Moresco 2015). The total error budget on the measure-
ment of the age of the CCs includes the contributions from sev-
eral factors, such as residual star-forming contaminants, adopted
stellar population synthesis models, and stellar metallicity esti-
mates. With this method, the current precision on the value of
H(z) ranges from ~10% to ~20% (see Table 1 in Moresco et al.
2022).

3. Simulations

In this section, we describe our simulation techniques exploiting
two different approaches: one Bayesian and one Monte Carlo.
As in Letter I, we consider MACS 1149, located at zg = 0.54,
as our reference lens cluster (Grillo et al. 2016; Treu et al. 2016;
Lotz et al. 2017). The time-varying multiply-imaged source, a
Type II SN known as SN ‘Refsdal’, is at z; = 1.49 (Kelly et al.
2015, 2016). By measuring the value of the Hubble parameter
at the effective redshift of MACS 1149 (see Sect. 4), we obtain
H(z) = H(zq).

The Bayesian method assumes the following general form
for the likelihood function associated with the two different
probes i, namely, TDC and CC:

L= exp(—x;/2), )

1
O'i@
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Table 1. Intervals at the 68% confidence level for the values of the cosmological parameters obtained with the Bayesian method.

Flat- ACDM Open-wCDM
Er. ® Dy Bt ® Hza) Ho®@  Qn  H© Qn Qe w
5% 10%  69.4"3% 0.33%019 69.9763 0.43+036 0717019 —1.18+033
5% 20%  69.0730 0.40%03) 69.87%3 0.45%03¢ 0.58+028 _1.14+05
10% 10% 689773 0331024 68.1*93 0.41%036 065103 —1.18:0%
10% 20%  68.9774 0.39%032 69.1%99 0.44+036 (.581028 113066

Notes. WQ,, + Qg = 1 and w = —1. ® Adopted percentage relative errors. )(km s~ Mpc™").

where

A 2 A 2
- DAt) 2 (Htrue(zd) - H(Zd))

o-DAr, true O-H true (Zd)

2 _ DAf, true
XTpC =

&)

for the TDC and CC methods, respectively. In these equations,
D, rue and Hine(zq) are the values of the time-delay distance
and of the Hubble parameter (at the redshift of the considered
lens cluster, zq) computed in the fiducial input cosmological
model that assumes Hy = 70 km s™! Mpc™', Q,, = 0.3, Q¢ =
0.7, and w = —1. The quantities D, and D" correspond to these
distances obtained by sampling the two-dimensional (Hy, Q)
or four-dimensional (Hy, Qn,, Qq4e, w) parameter space (consid-
ering zg = 0.54 and z; = 1.49). Here, we adopt realistic errors on
the relevant quantities D, and H(z), namely, op,, .. and oy, (z,)»
ranging from 5% to 10% and from 10% to 20%, respectively. In
this work, we adopt these intervals to represent different scenar-
ios. The total likelihood function accounting for the combination
of the two techniques is obtained by multiplying the individual
likelihood functions of each method as

Liot = Lpc X Lcc. (6)

In order to define the parameter posterior distributions, the fol-
lowing flat priors are assumed on the values of the cosmological
parameters: Hy € [20,120] km s™! Mpc™!, Q,, and Qq. € [0, 1],
and w € [-2,0]. The final log-posterior distributions are sam-
pled by using emcee, which is the Python implementation of
the affine-invariant Markov chain Monte Carlo (MCMC) ensem-
ble sampler (Goodman & Weare 2010; Foreman-Mackey et al.
2013). We performed our analysis adopting a flat-Acold dark
matter (CDM) (Q, + Qq. = 1 and w = —1) or an open-wCDM
cosmological model. The two- (Hy, Q) and four-dimensional
(Hp, Qn, Qqe, w) parameter space is then explored by using ten
walkers, performing 10> steps each. We note that the first 5000
steps of the walkers are removed as the burn-in phase, which
corresponds to ~100 times the integrated auto-correlation time
of the parameters.

Differently, in the Monte Carlo approach, we extracted 10°
realisations of Dj, and H(zq) from Gaussian distributions cen-
tred on the values of Dp; yue and Hye(zq) (see above) and
with standard deviations corresponding to the errors reported in
Table 1. Subsequently, by considering a two- (Hp, Qy,) or a four-
dimensional (Hy, Qu, Qqe, w) grid divided into 1000 equally
spaced bins and covering the assumed prior intervals, we com-
puted the values of D, and H(zq) for each possible combination
of cosmological parameters (corresponding to the different grid
points). Finally, we determined the combination of cosmologi-
cal parameter values that best reproduces each of the 10° simu-

lated measurements by computing the y? functions correspond-
ing to the TDC and CC techniques, separately and combined (see
Eq. (9)).

Both simulation methods yield median values of the cosmo-
logical parameters and associated precision in excellent agree-
ment, proving the robustness of our analysis. Given that the
Bayesian approach is more efficient and robust in sampling the
posterior distribution, especially in a high-dimensional parame-
ter space (Wolz et al. 2012), we present in the following only the
results obtained with this technique.

4. Discussion

Table 1 summarises the median values and the 1o confidence
intervals of the cosmological parameters within the adopted cos-
mological models and assuming different values for the uncer-
tainties on Dy, and H(zq). In the left panel of Fig. 1, we show, in
a flat- ACDM model, the marginalised posterior probability dis-
tributions and the 1, 2, and 30 confidence regions for Hy and Q,,
inferred from the TDC (blue) and the CC (orange) techniques,
and their combination (black), when assuming a 5% and 10%
relative error for each technique, respectively. In the right panel
of the same figure, we also assess the improvement of the pre-
cision on the values of these cosmological parameters from the
combination of the TDC and CC techniques with an independent
SN Ia luminosity distance (D") measurement in a cluster mem-
ber galaxy, as newly proposed in Letter I. This is done by includ-
ing an additional LgNy, term (where the corresponding )(éNIa is
defined in Eq. (6) in Letter I and a 5% relative uncertainty on
the value of DU is assumed) in Eq. (6). We note that the uncer-
tainty on Hj is always driven by that of the term D,,. This is
also shown by the fact that, for a fixed value of o p,,, considering
more- or less- conservative relative errors on H(zg) (see Table 1)
or D (see Letter I) yields a similar precision on the measure-
ment of Hy. When considering the more general open-wCDM
model, its value is still robustly measured, with a slightly larger
posterior probability distribution than in the flat-ACDM model.
This result demonstrates that the estimate of Hy is only mildly
dependent on the assumed cosmological model.

As discussed in Sect. 2 and in Letter I, the three techniques
are more sensitive to the value of Hj than to those of the other
cosmological parameters. For instance, the marginalised pos-
terior probability distribution functions of Q, are flat when
considering each method alone. Remarkably, their combination
allows for an estimate of the value of Q;, (with a significant sta-
tistical error, between ~50% and ~70% for more or less con-
servative scenarios; see Table 1). This can be explained by the
orientations of the Hy—Q, intrinsic degeneracy from the dif-
ferent cosmological probes. In particular, the Hy—Q);,, degenera-
cies from the TDC and CC techniques are oriented in different
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Ho = 69.413¢

Qn = 0.33#8:12

Ho[kms~1Mpc~1]

Ho[kms=1Mpc1]

Fig. 1. Inferred values for the cosmological parameters H, and Q,, in a flat- ACDM model, assuming a total relative uncertainty of 5%, 10%,
and 5% for Dy, H(z), and D", respectively (we fixed zg = 0.54, z, = 1.49, and zgn, = 0.54). The marginalised posterior distributions for the
TDC, CC, and SNIa techniques are shown in blue, orange, and green, respectively. The total marginalised posterior distributions (black) obtained
by combining the TDC and CC, and TDC, CC, and SNIa methods are shown in the left and right panels, respectively. The 16th, 50th, and 84th
percentiles of the combined marginalised distributions are highlighted with vertical dashed lines and the associated values are reported. The fiducial
values are marked in red. The contour levels on the planes represent the 1, 2, and 30 confidence regions.

directions, such that the overlapping region is smaller than for
the joint TDC and SN Ia method. Thus, when considering the
most optimistic scenario in the flat- ACDM model, the combined
TDC and CC technique yields improved measurements of H
and Q,,, by about a factor of ~1.06 and ~1.22, respectively, com-
pared to the joint TDC and SN Ia method (see Letter I). However,
since the degeneracy between Hy and €, from the SN Ia method
lies in between that from the TDC and CC methods, the gain in
precision from the combination of the three probes is negligible.
We also highlight that the measured values of the cosmological
parameters and, in particular, that of Hj, obtained by combining
two or three of the discussed techniques (TDC, CC, and SNIa)
are always accurately recovered (see Table 1).

This is a conservative estimate of the value of Q,,, since (for
simplicity) we are neglecting the contribution of the family-ratio
term. This quantity can be probed when large samples of mul-
tiple images at different redshifts are observed, as is the case
in lens galaxy clusters (e.g. Caminha et al. 2016; Richard et al.
2021; Bergamini et al. 2023a). Thus, the values of Q, Qqe,
and w can also be measured (Jullo et al. 2010; Linder 2011;
Grillo et al. 2018; Caminha et al. 2022).

After illustrating the possibility of enhancing and comple-
menting the TDC technique with the combination of an estimate
of H(z4) from exploiting the most massive cluster member galax-
ies as CCs, we discuss the observational feasibility of imple-
menting the proposed joint method. Multiple studies suggest that
early-type cluster galaxies have assembled most of their stel-
lar mass through massive star-formation events at early cosmic
times (Bernardi et al. 1998; Gobat et al. 2008; Ferré-Mateu et al.
2014; Khullar et al. 2022), with little star formation happening
thereafter (Treu et al. 2005; Thomas et al. 2005). Such objects
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constitute thus a very homogeneous population, which is illus-
trated by the observation of a tight red sequence in the colour-
magnitude diagram (Faber et al. 1987; Gladders & Yee 2000;
De Lucia et al. 2007), being already in place at high redshifts
(e.g. Gobat et al. 2008; Menci et al. 2008; Lidman et al. 2008;
Hilton et al. 2009; Cerulo et al. 2016; Strazzullo et al. 2016).
Galaxy clusters are thus unique environments in which to exploit
the old and homogeneous population of massive, early-type
galaxies as CCs (Stern et al. 2010a,b).

Several lens galaxy clusters count with extensive, high-
quality spectro-photometric data that can be readily exploited
to select high-purity samples of CC tracers. In particular, high-
resolution, deep, multi-band imaging of cluster fields, spanning
the near-ultraviolet to the near-infrared (Postman et al. 2012;
Lotz et al. 2017; Estrada et al. 2023), is valuable for distin-
guishing star-forming and passive populations (Moresco et al.
2022). Thanks to its powerful capabilities, the Multi Unit Spec-
troscopic Explorer (MUSE, Bacon etal. 2012) integral-field
spectrograph, on the Very Large Telescope (VLT), is the ideal
instrument for carrying out spectroscopic studies of galaxies
residing in galaxy cluster cores. With a fairly large field of view
(~1 arcmin?), MUSE has high spatial sampling (0.2 px~!), rel-
atively high spectral resolution (R ~ 3000), and large wave-
length coverage (4750-9350 A). By targeting lens cluster fields,
a large sample of homogeneous, deep (with typical exposure
times of ~5h), and high-resolution spectra of cluster galax-
ies, over a wide redshift range 0.3 < z < 0.9, has been
collected (Caminha et al. 2019, 2023; Bergamini et al. 2019,
2023a,b; Richard et al. 2021; Jauzac et al. 2021; Lagattuta et al.
2022). In addition, these MUSE observations allow for robust
stellar velocity dispersion measurements, o, for statistically
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significant samples of member galaxies (Bergamini et al. 2019,
2023a; Pignataro et al. 2021; Granata et al. 2022).

For instance, MACS 1149 has been observed with the
VLI/MUSE instrument over an area of ~2 arcmin’ with an
exposure time of ~6h (see Grillo et al. 2016, Schuldt et al., in
prep.), resulting in the spectroscopic confirmation of 134 clus-
ter member galaxies. In Fig. 2, we show a VLT/MUSE mean
stacked spectrum of the 22 early-type cluster member galaxies
with high stellar velocity dispersion values (o7, > 180 km s!)
and characterised by a high signal-to-noise ratio (S/N > 15),
showcasing the high S/N already achieved with a small sam-
ple. To create the stacked spectrum, we normalised the rest-
frame shifted spectra of the selected galaxies by their median
flux value in the rest-frame 4125-4275 A wavelength range,
where no prominent spectroscopic features are detected. The
mean stacked spectrum has been smoothed with a Gaussian ker-
nel with a standard deviation of 3.75 A, allowing for a better
visualisation of the spectral features. The resulting spectrum is
representative of an old, massive, and passively evolving galaxy
population, as suggested by the red continuum, the absence of
emission lines (their expected positions are identified in blue),
and the presence of several absorption lines (marked in red)
or spectral features (such as the 4000 A break) that are com-
monly used to estimate their age. In addition, some key Fe
and Mg absorption features (Vazdekis et al. 2010), marked in
green, can help estimate the metallicity of the stellar population
and, thus, control the intrinsic age-metallicity degeneracy (see
Moresco et al. 2022). Finally, to measure the value of dr (see
Eq. (3)) at the effective redshift of MACS 1149 (z4 = 0.54), we
can exploit already available VLT/MUSE observations of other
lens clusters in close-by redshift bins such as SDSS J1029+2623
(z = 0.59) and SDSS J2222+2745 (z = 0.49). Within the sin-
gle VLT/MUSE pointings of these cluster cores (Acebron et al.
2022a,b), 9 and 8 galaxies with o, > 180 km s~ have been
identified, respectively. Their resulting mean stacked spectra are
also shown in Fig. 2. These are characterised by a high aver-
age S/N, similar to that reported in previous studies (Stern et al.
2010a; Moresco et al. 2016; Borghi et al. 2022a, priv. comm.).
We plan to exploit the extensive, high-quality VLT/MUSE spec-
troscopic coverage already available for several lens clusters,
enabling the selection of a high-purity sample of optimal CCs
to ultimately apply the newly proposed joint method.

5. Conclusions

In this work, we present a novel technique to boost and com-
plement the power of time-delay cosmography in lens galaxy
clusters by probing their member galaxies as pure samples of
CCs, allowing for an independent measurement of the value of
the Hubble parameter at the effective lens cluster redshift.
Considering as reference the well-studied lens galaxy cluster
MACS J1149.5+2223, with the multiply-imaged SN ‘Refsdal’,
we have assessed the complementarity of the two probes and
quantified the achieved precision on the values of the relevant
cosmological parameters through their combination. We have
demonstrated that the estimate of the value of the Hubble con-
stant is robust, depending only mildly on the chosen cosmolog-
ical model. Since the two probes produce confidence regions on
the cosmological parameter planes that are oriented in comple-
mentary ways, we have shown that their combination provides
more precise measurements of the values of the other cosmolog-
ical parameters. Finally, we discuss the immediate observational
feasibility of the proposed joint method by exploiting the already
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Fig. 2. VLT/MUSE mean stacked spectra of 9, 22, and 8 cluster mem-
ber galaxies of SDSS J1029+2623 (top, z = 0.59), MACS 1149 (mid-
dle, z = 0.54), and SDSS J2222+2745 (bottom, z = 0.49), respectively,
with o, > 180 km s~!. The shaded regions are the standard deviation
of each spectral pixel. The spectra are smoothed by applying a Gaus-
sian kernel with a standard deviation of 3.75 A. For a clear visualisa-
tion, the flux values of MACS 1149 and SDSS J1029+2623 have been
increased by 1 and 2, respectively. The red dashed vertical lines locate
the absorption features detected in the spectra, while the blue lines mark
the expected positions of emission lines characteristic of young, star-
forming populations. The green dashed lines denote the Fe and Mg lines
typically used to estimate the stellar metallicity of the population. We
note that the strong residual emissions observed at 4800 A and 5100 A
for SDSS J1029+2623 and SDSS J2222+2745, respectively, are due to
an incomplete subtraction of sky lines.

available high-quality spectro-photometric data. These are nec-
essary to select pure samples of cluster members as CCs and
measure their ages for several cluster strong lensing systems.

Thanks to upcoming facilities such as the Legacy Survey of
Space and Time, operated by the Vera C. Rubin Observatory,
and such space missions as Euclid and JWST, a notable increase
of known strong lensing clusters with time variable sources is
expected. This will allow us to exploit them in combination with
CCs as powerful cosmological probes.
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