
A&A, 709, L16 (2026)
https://doi.org/10.1051/0004-6361/202659230
c© The Authors 2026

Astronomy
&Astrophysics

LETTER TO THE EDITOR

MUSE-DARK

III. The evolution of the radial acceleration relation at intermediate redshifts

B. I. Ciocan1,? , N. F. Bouché1 , J. Fensch1 , D. Krajnović2 , J. Freundlich3 , H. Desmond4 ,
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ABSTRACT

Context. The radial acceleration relation (RAR) is a tight empirical correlation between the observed radial acceleration (atot) and the
baryonic radial acceleration (abar) measured across galaxy radii; these two accelerations start to deviate significantly from each other
below a characteristic acceleration scale, a0. To date, observational studies of the RAR have predominantly focused on galaxies in the
local Universe, leaving its evolution with cosmic time largely unexplored.
Aims. Using high signal-to-noise data from the MUSE Hubble Ultra Deep Field survey, we investigated the RAR with a sample of 79
star-forming galaxies (complete above M? > 108.8 M�) at intermediate redshifts (0.33 < z < 1.44).
Methods. We estimated the observed intrinsic acceleration (atot) and the baryonic acceleration (abar) from a disk-halo decomposition
that incorporates stellar, gas, and dark matter components, with corrections for pressure support, using 3D forward modelling.
Results. We find a RAR in our intermediate-z sample offset from the local relation, with a higher characteristic acceleration scale
(a0|z∼1 = 2.38+0.12

−0.10 × 10−10 m/s2) and a larger intrinsic scatter (∼0.17 dex). Dividing the sample into redshift bins and refitting the
RAR in each bin, we find a characteristic acceleration scale that systematically increases with z. Parametrising the z-dependence as
a0(z) = a0(0) + a1 · z, we obtain a1 = 1.59+0.11

−0.10 ×10−10 m/s2, providing evidence for a z-evolution. We find similar results using various
dark matter halo profiles as well as the modified Newtonian dynamics framework in our 3D forward modelling.
Conclusions. Our results show that the RAR persists at intermediate redshifts, with statistically significant redshift evolution of the
characteristic acceleration, pointing to a possible evolution of the baryon-missing mass connection over cosmic time.
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1. Introduction

The missing mass problem in galaxies has been studied since the
1930s (Babcock 1939), but gained prominence in the second half
of the 20th century (van de Hulst et al. 1957), especially since
the 1970s thanks to observations of flat rotation curves (RCs) in
disk galaxies (e.g. Rubin & Ford 1970; Bosma 1978) that devi-
ated from the expected Keplerian decline. This mass discrepancy
(Mtot/Mbar ∼ v2

obs/v
2
bar � 1, where vobs and vbar are the circular

velocities, respectively observed and generated by the baryonic
content of the galaxy) led to the hypothesis of dark matter (DM)
halos surrounding galaxies (e.g. White & Rees 1978; see also
reviews such as Bullock & Boylan-Kolchin 2017; Bosma 2023).

This problem was later also quantified in terms of the
local radial acceleration in galaxies (Sanders 1990; McGaugh
2004), which led to the identification of the apparently funda-
mental radial acceleration relation (RAR; McGaugh et al. 2016;
Lelli et al. 2017; Stiskalek & Desmond 2023) that connects the
observed acceleration (atot = v2

obs/r = |∂Φtot(r)/∂r|) to the gravi-
tational acceleration generated by the baryons (abar = v2

bar/r =
|∂Φbar(r)/∂r|) across all radii. The RAR has been empirically
calibrated using the SPARC sample (Lelli et al. 2016), and is
usually parametrised by the following relation (McGaugh 2008;
? Corresponding author: bianca-iulia.ciocan@univ-lyon1.fr

Famaey & McGaugh 2012):

atot =
abar

1 − exp
(
−
√

abar/a0
) · (1)

This relation exhibits a scatter of ∼0.11 dex (McGaugh et al.
2016), with a characteristic acceleration scale of a0 = 1.2 ±
0.26 × 10−10 m/s2, below which abar begins to deviate system-
atically from atot. Desmond (2023) and Desmond et al. (2024)
refined this analysis on the SPARC sample, and found an even
lower intrinsic scatter: σintrinsic = 0.034 ± 0.001stat ±

0.001sys dex.
A few numerical studies have shown that a relation

resembling the RAR can occur in the Lambda cold dark
matter (ΛCDM) framework using hydrodynamical simula-
tions (Keller & Wadsley 2017; Garaldi et al. 2018; Tenneti et al.
2018; Dutton et al. 2019; Mayer et al. 2023) and semi-
empirical analytic models (van den Bosch & Dalcanton 2000;
Di Cintio & Lelli 2016; Navarro et al. 1997; Grudić et al. 2020;
Paranjape & Sheth 2012; Li et al. 2022). Nevertheless, the
detailed results of these studies differ slightly from each other, so
that it remains unclear whether some of them do actually repro-
duce in detail the properties of the observed RAR, including its
functional form, very low scatter, and the full diversity of RC
shapes to which it applies (Ghari et al. 2019; Desmond 2017).
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Alternatively, the RAR may reflect a modification of grav-
ity (or, more generally, of dynamics) rather than unseen matter,
which would naturally lead to a very small scatter of the relation.
Modified Newtonian dynamics (MOND; Milgrom 1983a,b,c;
see also Famaey & Durakovic 2026 for a recent review) intro-
duced a characteristic acceleration scale a0 ∼ 10−10 m/s−2,
below which Newtonian dynamics break down. Remarkably,
MOND predicted the existence and shape of the RAR decades
before it was empirically established.

In the standard MOND framework, a0 is typically con-
sidered a universal constant. However, since MOND is a
non-relativistic theory, extending it to a cosmological con-
text requires additional assumptions (e.g. Bekenstein 2004;
Famaey & McGaugh 2012; Milgrom 2020; Blanchet & Skordis
2024). As a result, there is no clear consensus on whether
a0 should remain constant or evolve with cosmic time in the
MOND framework. For example, some studies consider a0 as
a constant parameter, while others propose that it might scale
with the Hubble parameter, H(z), or follow alternative evolu-
tionary paths (e.g. Hossenfelder & Mistele 2018; Maeder 2023;
Del Popolo & Chan 2024; Gueorguiev 2024).

In contrast, within ΛCDM, it remains unclear whether the
RAR can be fully reproduced as it would have to arise from the
complex interplay between baryonic and DM distributions, and
any z-evolution of the relation would then reflect the evolving
properties of these components. In any case, the degree of z-
evolution of a0 in hydrodynamical simulations remains uncertain
(e.g. Garaldi et al. 2018; Tenneti et al. 2018; Mayer et al. 2023),
likely due to differences in the feedback models used.

While these theoretical frameworks offer different perspec-
tives on the redshift evolution of the RAR, observational studies
beyond z = 0 remain scarce, except for Vărăşteanu et al. (2025),
who investigated the RAR up to z ∼ 0.08 and found a larger
a0 value than at z = 0. For this letter, we studied the RAR at
intermediate redshifts up to z ∼ 1.44, offering new insights into
the evolution of a0 over cosmic time. This analysis is based on
the results presented in Ciocan et al. (2026, hereafter Paper I),
where we conducted a disk–halo decomposition using GalPaK3D

(Bouché et al. 2015) on a large sample of star-forming galaxies
(SFGs), using deep data from the MUSE Hubble Ultra Deep Field
survey (MHUDF, Bacon et al. 2023) offering high signal-to-noise
(S/N) data ranging from S/N ∼ 10 to >100.

2. Sample selection and methodology

To investigate the RAR at intermediate z, we selected from
the parent sample in Paper I, 79 SFGs with M? > 108.8 M�.
This sample has the same minimum stellar mass (i.e. is mass-
complete) over 0.33 < z < 1.44 and is part of the MHUDF
(Bacon et al. 2023); further details are provided in Appendix A.

In Paper I we performed a detailed 3D disk–halo decom-
position on the parent sample of SFGs presented in Fig. A.1,
and tested six different DM halo profiles. For the present study,
we used the generalised profile of Di Cintio et al. (2014, here-
after DC14) since they provided the best fits compared to
other halo models, including the Navarro-Frenk-White (NFW;
Navarro et al. 1997) profile. We note that Di Cintio & Lelli
(2016) showed that the RAR is more readily reproduced in mod-
els with mass-dependent DM density profiles (DC14) than with
universal NFW profiles, which struggle to match the observed
shape of the relation, particularly in low-M? galaxies.

We computed abar and atot from the best-fitting DC14 disk–
halo models, propagating uncertainties from the Markov chain
Monte Carlo (MCMC)-derived velocity components. To min-

imise resolution-driven biases, measurements within r < 2 kpc
(corresponding to approximately one spatial resolution element,
i.e. ∼0.2′′) were excluded (see Appendix B).

While our analysis relies on parametric modelling, we per-
formed independent consistency checks of the disk–halo decom-
position in Paper I, and found consistent results. Additionally,
we assessed potential systematic uncertainties in the stellar mass
estimates by deriving stellar mass-to-light ratios for our sample.
As discussed in Appendix C, these are lower than those assumed
at z = 0 in SPARC, but fully consistent with the expected
decrease with z from independent studies (Drory et al. 2004).

3. Results

3.1. RAR at 0.33 < z < 1.44

Figure 1 presents the RAR at 0.33< z< 1.44, using data points
from 79 individual model RCs. As illustrated, the RAR at
intermediate z is reminiscent of the RAR observed at z = 0
(McGaugh et al. 2016). Our sample, unlike SPARC, predomi-
nantly probes the low-acceleration regime as it is largely com-
posed of low-mass, DM-dominated SFGs lacking prominent
bulges.

We fit the data with Eq. (1), leaving a0 as a free
parameter. For the fits, we used the Python package Roxy
(Bartlett & Desmond 2023), which implements the marginalised
normal regression (MNR) method. This approach simultane-
ously accounts for uncertainties in both x and y, as well as for
the intrinsic scatter in the relation. We applied the MNR to the
accelerations in base 10 logarithmic space, and we adopted a
uniform broad prior on log a0, ranging from −15 to 5, and on the
intrinsic scatter between 0 and 3 dex. We show the best-fit curve
in purple in Fig. 1, and as the purple data point in Fig. 2, which
corresponds to a characteristic acceleration scale of

a0|z∼1 = 2.38+0.12
−0.10 × 10−10 m/s2, (2)

with the errors denoting the 95% confidence intervals (CI) from
our MCMC fits. This value is significantly higher, by ∼19σ, than
the canonical value of a0|z=0 = 1.2 ± 0.26 × 10−10 m/s2 inferred
for the SPARC sample (McGaugh et al. 2016, shown as the red
curve in Fig. 1, and as the red star in Fig. 2), and ∼5σ higher
than the value of a0|z<0.08 = 1.69 ± 0.13 × 10−10 m/s2 inferred
by Vărăşteanu et al. (2025) for the MIGHTEE-HI sample (shown
as the green curve in Fig. 1, and as the green star in Fig. 2). At face
value, this would imply that disks are more submaximal at higher
z than at z = 0 in agreement with the large DM fractions found in
Paper I.

The histogram in the inset of Fig. 1 shows the residuals
with respect to the best-fit RAR at 0.33 < z < 1.44, which
are tightly peaked, with a mean offset of µ = 0.016 dex and
a standard deviation of σ = 0.19 dex, similar to the intrin-
sic scatter (σintr. ∼ 0.17 dex). The scatter that we recover for
the intermediate-z sample is ∼×1.5 higher than that inferred by
McGaugh et al. (2016) for the SPARC sample, which is of the
order of ∼0.11 dex. The larger scatter that we measure is most
likely related to the broad z range that we probed, as discussed
in the next section, and to the poorer data quality at higher z.

As mentioned above, our analysis relies on the parametric
models from Paper I, where we found that the DC14 density pro-
file provides the best representation of the data. To assess the
robustness of our results, we explored alternative DM profiles (see
Appendix D) and also refitted the data within a self-consistent
MOND framework (see Appendix E). The resulting a0|z∼1 values
from these various assumptions are always larger than the z = 0
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Fig. 1. RAR for the MHUDF sample. The purple curve shows the
best-fit RAR at 0.33 < z < 1.44 using Eq. (1), while the red and
green curves show the McGaugh et al. (2016) relation at z = 0 and the
Vărăşteanu et al. (2025) relation at z < 0.08, respectively. The black
dotted line indicates the 1:1 relation. The histogram in the inset dis-
plays the residuals with respect to our fit. The cross in the upper left
corner indicates the mean 1σ uncertainties.

Fig. 2. Best-fit a0 values obtained by fitting Eq. (1) on the full sam-
ple, using the resolved RAR tracks derived under different modelling
assumptions. The purple data point shows a0|z ∼ 1 obtained using the
DC14 halo profile applied uniformly to the full sample (Sect. 3.1).
The cyan point shows a0|z ∼ 1 derived from a galaxy-by-galaxy best-
fitting ΛCDM model, where each galaxy is assigned the DM profile that
maximises its Bayesian evidence (Appendix D). The blue point shows
a0|z ∼ 1 recovered from the MOND-based framework (Appendix E).
The red star indicates the fiducial a0|z ∼ 0 from McGaugh et al. (2016),
while the green star shows the result from Vărăşteanu et al. (2025).

value and agree within the errors with the results presented above,
as shown in Fig. 2 by the cyan and blue data points.

3.2. Evolution of the RAR with z

To carefully trace the potential evolution of the RAR with cos-
mic time, we applied a quantile-based binning of the galaxy red-
shift distribution. Specifically, we divided the sample into four
quantile intervals containing approximately the same number of
data points and, for each interval, we fit the RAR with Eq. (1)
to extract the best-fit characteristic acceleration scale. The fits
were performed following the same procedure as in Sect. 3.1. We
adopted this equal-population binning to stabilise the Bayesian
fits by ensuring comparable statistical weight in each bin; we note
that the bins correspond to adjacent, non-overlapping z intervals.

We show the resulting a0(z) values in Fig. 3 as the black data
points. As illustrated, the characteristic acceleration systemati-
cally increases with redshift, rising from ∼1.99 × 10−10 m/s2 in
the lowest-z bin to 2.71 × 10−10 m/s2 in the highest.

We evaluated the intrinsic scatter in each redshift bin and
found an increase with z, from σintr. = 0.13 dex in the lowest-
redshift bin–below the full-sample value–to σintr. = 0.19 dex
in the highest. Nevertheless, the scatter in the individual z bins

Fig. 3. Redshift evolution of the characteristic acceleration scale. In
each quantile-based z bin (blue bars), we fit the RAR with Eq. (1) to
derive a0, with uncertainties shown as grey error bars. The star marks
the SPARC z = 0 value. The purple line shows the predicted evolution,
using the best-fitting parameters from the global z-dependent fit to the
RAR for the full sample (i.e. using Eq. (1) where a0 was substituted
with Eq. (3); see Eq. (4)). The red line shows the same, but including
SPARC in the fit. The coloured shaded region shows the 1σ errors for
the fits.

remains larger than that observed in the SPARC sample, likely
reflecting the degradation in data quality and spatial resolution
with increasing z, and the lower statistics.

To complement this binned analysis, we also performed a
global parametric fit to quantify the z-dependence of the RAR
by introducing a z-dependent acceleration scale of the form

a0(z) = a0(0) + a1 · z, (3)

where the coefficient a1 captures the evolutionary trend with z,
following the approach of Vărăşteanu et al. (2025). We then refit
the RAR for the entire sample using Eq. (1), where we substitute
a0 with the z-dependent formulation (Eq. (3)), treating both a0(0)
and a1 as free parameters in the fits. We obtain

a0(0) = 1.0+0.04
−0.04×10−10 m s−2, a1 = 1.59+0.11

−0.10×10−10 m s−2, (4)

with the errors denoting the 95% CI. We note that including the
SPARC sample (Lelli et al. 2017) in the fits yields similar results.

We show this linear relation, using the best-fit values of a0(0)
and a1 from the fit to the MHUDF RAR (Fig. 1) as the purple
line in Fig. 3. The red line shows the same, but with the SPARC
sample included in the fit. In Appendix F we present the resulting
posterior distributions of the fitted parameters, and discuss the
small offsets between the binned estimates and the global fit.

We emphasise that this linear parametrisation of a0(z)
(Eq. (3)) is intended as a simple phenomenological description to
quantify the presence and sign of a possible z-dependence rather
than to provide a physically motivated description. If the real z-
dependence of a0 is non-linear or more complex, the resulting
evolutionary trend could be affected by systematic biases.

In conclusion, the results presented in this section suggest
that while the RAR persists out to z ∼ 1.44, the value of a0
increases with z, potentially reflecting changes in the baryon–
DM coupling, in the feedback efficiency, or in modified gravity
over cosmic time.

4. Discussion

The results presented above indicate that the RAR evolves with
z. We quantified this evolution with a simple, linear model
(Eq. (3)), obtaining a1 = (1.59+0.11

−0.10)× 10−10 m/s2. Our result can
be compared to the z ≤ 0.08 study of Vărăşteanu et al. (2025),
who found a1 = (4.47± 1.88)× 10−10 m s−2 from a smaller sam-
ple. While their analysis provided only mild evidence (∼2.4σ)
for a z-evolution, our broader z-baseline and larger sample yield

L16, page 3 of 9



Ciocan, B. I., et al.: A&A, 709, L16 (2026)

a more statistically significant detection (at a ∼30σ level). The
two measurements are statistically consistent within ∼1.5σ.

In the context of ΛCDM, our results show a roughly
comparable z-trend as reported by Mayer et al. (2023) and
Keller & Wadsley (2017), although the robustness of some of
these results to reproduce the observed low-z RAR has been
questioned (Milgrom 2016). For example, Mayer et al. (2023)
find that a0 grows by a factor of ∼3 from z = 0 to 2, slightly
less than the factor of ∼4 increase inferred here over the same z
range. In the context of modified gravity, our measured a0(z) is
faster than that of H(z) (Milgrom 1983a), and is in tension with
the evolution predicted by the scale invariant vacuum paradigm
(Gueorguiev 2024).

An evolution of the RAR with z should be reflected in the
baryonic Tully–Fisher relation (bTFR). Current bTFR measure-
ments based on H i detections at z . 0.4 (Ponomareva et al. 2021;
Jarvis et al. 2025) show little to no evidence for evolution, but are
limited by small samples, narrow z baselines, and large uncertain-
ties. Our z-dependent RAR fit (Eq. (4)) predicts a bTFR zero-point
shift of ∆ZP ≈ −0.2 dex between z ∼ 0 and z ∼ 1. At higher z,
Übler et al. (2017) find a decrease in the bTFR zero-point between
z ∼ 0 and z ∼ 0.9 (∆ZP = −0.44), though their Mbar estimates rely
on scaling relations and neglect MH i, while Jeanneau et al. (2026)
found no evolution of the bTFR at z ∼ 1, accounting for neutral gas
from scaling relations. Looking ahead, deep H i surveys with the
Square Kilometre Array will provide critical tests of the potential
evolution of both the bTFR and the RAR with z.

5. Conclusions

In this study we analysed the RAR at intermediate redshifts
(0.33 < z < 1.44), for a mass-complete sample of 79 SFGs with
8.8 < log(M?/M�) < 11, using 3D forward modelling. To do
so, we used the results obtained in Paper I from the disk–halo
decomposition. Our analysis has yielded several key findings:

– The RAR for our z ∼ 1 sample exhibits a higher acceleration
scale a0|z∼1 = 2.38+0.12

−0.10 × 10−10 m/s2 compared to the canon-
ical value inferred by McGaugh et al. (2016) for the z = 0
SPARC sample (Fig. 1).

– A larger value of a0|z∼1 is found regardless of the model
used to derive the total and the baryonic accelerations
(Fig. 2), including various ΛCDM and MOND models for
self-consistency (Appendices D and E).

– By fitting Eq. (1) independently in four redshift bins, we
recover a systematic increase of the best-fit a0 with z (Fig. 3).

– Fitting Eq. (1) to the full sample by substituting a0 with
the redshift-dependent formulation, a0(z) = a0(0) + a1 · z,
yields a1 = (1.59+0.11

−0.10) × 10−10 m/s2, providing evidence for
an increase in a0 with redshift (Figs. 3 and F.1).

Some hydrodynamical simulations and modified-gravity frame-
works predict a possible redshift evolution of a0, although the
magnitude and functional form vary across models. At present,
theoretical expectations remain too diverse to make definitive
comparisons. Our results, therefore, motivate future efforts to
refine predictive models and explore the physical mechanisms
that could shape any evolution of the RAR with cosmic time.
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Fig. A.1. Stellar masses vs redshift for all MHUDF SFGs. The dashed
black line indicates the mass completeness limit of the survey, which
is reasonably complete for 0.2 < z < 1.5 down to log(M?/M�) = 8.6.
The dashed red line shows the completeness of the parent sample from
Paper I. The grey points show all SFGs observed in the MHUDF survey,
the red-outlined points correspond to the galaxies analysed in Paper I,
and the blue points indicate the galaxies studied in this work. The his-
tograms on the top and right display the redshift and stellar-mass distri-
butions, respectively, colour-coded to match the main panel.

Appendix A: Sample of intermediate-z SFGs

For this study, we used the sample of SFGs with RC decom-
position from Paper I, which are drawn from the MHUDF
survey (Bacon et al. 2023). A comprehensive description of
the initial sample selection is provided in Paper I; here we
briefly summarise the key criteria. The parent sample consists
of intermediate-z SFGs with high S/N (∼ 10 to > 100) in either
[Oii]λ3727, Hβ, [Oiii]λ5007, Hα, which are well resolved, have
inclinations i > 30◦, are rotationally supported (vmax/σ > 1), and
show no evidence for ongoing mergers. For the present analysis,
we further restrict the sample to galaxies classified as ‘regular’
in Paper I. This classification was based on a visual inspection of
rest-frame optical/IR morphologies and kinematic maps, select-
ing systems showing no obvious signs of gravitational inter-
actions (e.g. tidal features, asymmetries, or disturbed velocity
fields). In addition, we only selected galaxies that exhibit small
residuals in the kinematic modelling, i.e. which have good fits,
quantified by log(Z) < 15000, where log(Z) is the model evi-
dence.1

To robustly investigate the redshift evolution of the RAR, it is
crucial to work with a sample defined by a uniform stellar-mass
distribution across the redshift range considered, i.e. imposing
the same minimum M? at all redshifts. Figure A.1 indicates
that the MHUDF survey is complete down to a stellar-mass of
log(M?/M�) = 8.6 over 0.2 < z < 1.44, whereas the sam-
ple from Paper I is complete to log(M?/M�) = 8.8 due to the
additional S/N criteria that were imposed. We therefore adopt a
stellar-mass cut of log(M?/M�) > 8.8, yielding a final sample
of 79 SFGs (blue-red data points in Fig. A.1) used in this study.
These galaxies span stellar masses and redshifts in the ranges
8.8 < log(M?/M�) < 11 and 0.33 < z < 1.44, respectively.

1 We rescaled the evidence log(Z) by a factor of -2 so that it is on the
same scale as the usual information criterion; in this convention, lower
values correspond to better-fitting models.

Appendix B: Methodology

Based on the disk-halo decomposition from Paper I,

v2
c(r) = v2

DM(r) + v2
disk(r) + vHI(r)|vHI(r)|(+v2

bulge(r)), (B.1)

we calculated the baryonic acceleration due to the baryonic mass
distribution at every radius as

abar(r) = vdisk(r)2/r + vHI(r)2/r (+vbulge(r)2/r) (B.2)

and the total acceleration as

atot(r) = vc(r)2/r. (B.3)

Here vdisk(r), vHI(r), and vbulge(r) denote the contributions of the
stellar disk, neutral atomic gas, and bulge2 to the RC, respec-
tively, while vDM(r) represents the contribution of the DM halo.
The circular velocity, vc(r), is corrected for pressure support
(asymmetric drift) following Dalcanton & Stilp (2010), such that
v2

c(r) = v2
⊥(r)+v2

AD(r), where v⊥(r) is the observed rotation veloc-
ity and vAD(r) is the pressure support correction. We note that all
velocity terms are intrinsic, i.e. corrected for any instrumental
effects, including seeing.

We briefly summarise here the main ingredients of the 3D
disk–halo decomposition (see Paper I for full details). The DM
halo was parametrised using the best-fitting DM density profile
from Paper I, namely DC14 (Di Cintio et al. 2014). For the neu-
tral gas component, we used a parametric model which assumes
a constant H i surface mass density, leading to v(r) ∝

√
ΣHIr. The

bulge, if present, was modelled as a Hernquist (1990) spheroidal
component. The disk contribution was parametrised from the
observed ionised gas surface brightness profiles using a Multi-
Gaussian Expansion modelling (Emsellem et al. 1994), whereas
the normalisation of vdisk(r) was given by M?. Importantly, M?

itself was not fixed by photometric priors. Instead, it was dynam-
ically inferred in our 3D forward modelling. Within the DC14
framework, the disk-halo degeneracy is mitigated by fitting for
log(M?/Mhalo) together with the virial velocity. This allows the
stellar mass to be constrained directly by the kinematics.

For illustration, we show in Fig. B.1 the 3D disk–halo
decomposition for two galaxies from our sample. We note that all
catalogues and data products from our disk–halo decomposition,
including the RCs, can be found on the DARK website.3 For
MXDF 1266 (left, M?,SED = 109.05 M�), the RC is dominated
by the DM component, indicating a strongly submaximal disk
compared to local higher-mass spirals (e.g. Lelli et al. 2016).
On average, we find that most of our sample has DM fractions
larger than 50% within Re (i.e. they are submaximal), as shown
in Paper I. In contrast, the higher-mass galaxy, MOSAIC 905
(right, M?,SED = 1010.3 M�), is dominated by the stellar compo-
nent within 2Re.

The 1σ errors in the velocity components were derived from
the 68% CI of the MCMC chains. Specifically, for each model
parameter, we computed the 16th and 84th percentiles of the pos-
terior distributions, providing the lower and upper bounds of the
CI. To estimate the uncertainties in the baryonic and total accel-
erations, we propagated the errors from the velocity components
using standard error propagation techniques.

To minimise the impact of observational uncertainties, par-
ticularly in regions where the rotation and acceleration profiles

2 For the 4 galaxies in this sample which have a bulge-to-total ratio
B/T > 0.2, a bulge component is included in the disk–halo decomposi-
tion.
3 https://dark.univ-lyon1.fr/data-releases/.
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Fig. B.1. Examples of the 3D disk-halo decomposition for the two galaxies from the sample. The solid black line represents the circular velocity
vc(r) corrected for pressure support. The solid green curve represents the RC of the DM component. The solid orange and blue curves represent
the disk and cold gas components, respectively. The light shaded regions show the 95% CI. The dotted brown line represents the stellar component
measured using the multi-Gaussian expansion modelling of resolved stellar mass maps obtained from pixel-by-pixel SED fitting, while the dash-
dotted green curve shows the DM component obtained independently from a 1D disk–halo decomposition. All velocities are intrinsic, i.e. corrected
for inclination and instrumental effects, including seeing (PSF). The black dotted line shows the physical extent of a MUSE spaxel.

are poorly resolved, we excluded measurements in the inner-
most regions (r < 2 kpc) from the final fits to the RAR.
Due to the finite spatial resolution of the MUSE instrument
(0.2′′spaxels, black dotted lines in Fig. B.1), measurements in
these innermost regions are affected by resolution limitations
that might bias our final results. A similar approach was taken in
Vărăşteanu et al. (2025). We note, however, that excluding mea-
surements within the central 2 kpc for both the MHUDF and
SPARC (Lelli et al. 2017) samples changes the inferred a0 by
less than 10%.

Appendix C: Robustness tests and systematic
uncertainties on disk masses

In this appendix, we assess the robustness of our results
with respect to the main modelling assumptions. We empha-
sise that our measurement of the RAR at intermediate z is
not strictly identical to the traditional local-Universe approach,
as it relies on 3D forward modelling. While this technique
represents the state of the art for intermediate- to high-z
galaxy dynamics, it necessarily introduces a degree of model
dependence, stemming from assumptions about the halo pro-
file, disk geometry and gas distribution, among other fac-
tors. In this framework, both the total acceleration, atot(r), and
the baryonic acceleration, abar(r), are derived from the same
underlying model rather than independently, as is typically
done at z ∼ 0.

Nonetheless, we note that in Paper I, we presented a series
of consistency checks supporting the robustness of our disk–
halo decomposition. Specifically: (i) The total circular veloc-
ity, vc(r), was independently measured using the traditional 2D
line-fitting algorithm CAMEL (Epinat et al. 2012), yielding results
in good agreement with those obtained from the 3D paramet-
ric modelling (rendering vc(r) effectively model-independent).
(ii) The stellar disk contribution, vdisk(r), was independently
derived via a Multi-Gaussian Expansion (Emsellem et al. 1994)
modelling applied to resolved stellar-mass maps obtained from
pixel-by-pixel SED fitting across ∼ 19 Hubble Space Tele-
scope and James Webb Space Telescope bands, again show-
ing good agreement (as illustrated by the brown dotted curves
in Fig. B.1). (iii) For the unknown neutral gas contribution,
vHI(r), we explored a range of plausible H i surface-density
profiles–given their lack of direct constraints–and found that
our results are consistent across various assumed profile shapes.
(iv) Finally, we performed a fully independent 1D disk–halo

decomposition by computing the baryonic contribution to the
RC. This was achieved by solving the Poisson equation for
the surface-density distribution of the stellar and cold gas
components (i.e. by solving Eq. 4 of Casertano 1983). This
1D approach yielded results consistent with those from the
3D modelling (as illustrated by the green dash-dotted curves
in Fig. B.1).

Given the central role of M? in our results, it is impor-
tant to note the dynamically inferred stellar masses are in good
agreement with independent SED-based estimates (Fig. 11 of
Paper I), showing that the potential systematic uncertainties in
M? are negligible. In addition, we computed the rest-frame K-
band mass-to-light ratios (M/LK) of our sample, using pho-
tometric data from the Hubble Space Telescope and James
Webb Space Telescope (see Paper I), and compared them to
independent measurements at similar redshifts from Drory et al.
(2004). Figure C.1(left) shows that the M/LK of our sample
are fully consistent with typical values reported at higher red-
shifts accounting for the mass dependence, and are systemati-
cally lower than those adopted for SPARC at z = 0, which have
M/LK ∼ 0.6 in the K-band (corresponding to M/L ∼ 0.5 at
3.6 µm, McGaugh et al. 2016).

To further assess the impact of systematic uncertainties in the
disk mass estimates on the RAR, we also explore how global sys-
tematic shifts in the M? would affect the inferred a0(z). Specif-
ically, we recompute the RAR after applying uniform offsets to
M? across the sample. We find that reconciling our measure-
ments with the canonical value a0(0) = 1.2 × 10−10 m s−2 at all
redshifts would require systematically larger stellar masses, with
offsets ranging from ∼ +0.2 dex in the lowest-redshift bins to
∼ +0.45 dex in the highest (Fig. C.1, right). As argued above
and discussed in Paper I, such large shifts are not supported by
independent consistency checks.

We note that in order to improve our modelling, direct con-
straints on the gas components will be required. However, as dis-
cussed in Paper I, given typical molecular gas fractions of ∼ 30-
50% at z ∼ 1 (Freundlich et al. 2019), this would introduce a
systematic uncertainty of ∼ 0.2 dex in the total disk mass.

Finally, in Appendices D and E, we explored the RAR from
RC decompositions using different parametric models in the
ΛCDM and MOND frameworks, respectively, finding consis-
tent results with those presented in the main text. Together, these
tests demonstrate that our results are not driven by any single
modelling assumption, but instead, most likely, reflect a genuine
physical trend.
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Fig. C.1. Left: Average mass-to-light ratios (M/L) in the K-band as a function of redshift for the MHUDF sample split into two M? bins, the low-
M? bin (yellow) and high-M? bin (orange), along with the evolution inferred for a sample of more than 5000 K-selected galaxies in Drory et al.
(2004). The red star shows the M/L-K ratio adopted for the SPARC sample. Right: Impact of systematic disk mass offsets on the inferred a0(z).
The black points correspond to the fiducial fits shown in Fig 3. The blue points show the inferred a0(z) assuming a global shift of +0.2 dex in the
mass budget of the sample, while the green points show the same, but when assuming a global shift of +0.45 dex . The red star and dotted lines
show the canonical a0(z = 0) inferred for the SPARC sample.

Appendix D: Robustness tests: RAR from different
DM halo models in ΛCDM

To ensure that our conclusions on the redshift evolution of the
RAR are not driven by methodological choices, we investi-
gated how variations in our modelling assumptions influence the
recovered accelerations abar(r) and atot(r). In Paper I we tested
six DM density profiles in our disk–halo decomposition: (1)
DC14 (Di Cintio et al. 2014), which links the halo profile shape
to the stellar-to-halo mass ratio; (2) NFW (Navarro et al. 1997);
(3) Burkert (Burkert 1995); (4) Dekel–Zhao (Freundlich et al.
2020); (5) Einasto (Navarro et al. 2004); and (6) coreNFW
(Read et al. 2016). Our analysis showed that DC14 provides the
best population-level fit, and we refer to the Bayesian model
comparison in Paper I for details.

In this section, we adopted a galaxy-by-galaxy approach: for
each system, we selected the profile that yields the best Bayesian
evidence in the pairwise comparisons. Each galaxy was therefore
assigned its own preferred model (e.g. DC14 for some, NFW
for others). Using these best-fitting models for each galaxy, we
recomputed abar(r) and atot(r) (as detailed in Appendix B). The
resulting RAR tracks are shown as coloured points in Fig. D.1.
We then refited the RAR for the full sample (Eq. 1), treating the
characteristic acceleration scale as a free parameter (as in Sect.
3.1); the best-fit relation is shown as the purple curve. Addition-
ally, in Fig. 2, we also show the best-fit value of a0|z∼1 obtained
in this framework as the cyan data point. We find

a0|z∼1 = 2.61+0.13
−0.09 × 10−10 m/s2, (D.1)

a result that is consistent, within the errors, with the value
derived in the main text (Eq. 2), where the DC14 profile is
applied uniformly to the full sample (purple data point in Fig. 2).
Figure 2 illustrates that regardless of the model used to derive
the total and the baryonic accelerations, the a0|z∼1 value inferred
from the RAR is offset from the z = 0 canonical value.

Following the same procedure presented in Sect. 3.2, we fit
the RAR in this framework using the z-dependent acceleration
scale (Eq. 1 substituting a0 with Eq. 3), and obtain

a0(0) = 1.05+0.05
−0.05 × 10−10 m/s2; a1 = 1.63+0.13

−0.12 × 10−10 m/s2,

(D.2)

which agrees within 1σ with the results presented in the main
text when using DC14 uniformly for the whole sample.

Overall, these tests demonstrate that our results are fairly
robust against the choice of DM profile: whether using DC14

Fig. D.1. RAR of our intermediate-z sample, with abar and atot derived
from the model RCs corresponding to each galaxy’s best-fitting ΛCDM
halo profile. The coloured points indicate the halo profile used in the
disk–halo decomposition. The cross in the lower right corner indicates
the mean 1σ uncertainties on the data points. The dotted black line
shows the 1:1 relation. The purple curve represents the best-fit RAR,
with a0|z∼1 = 2.61+0.13

−0.09 × 10−10 m/s2 (i.e. as in Fig. 1).

uniformly or adopting the best-fitting model for each galaxy
individually, the recovered redshift evolution of the RAR
remains consistent. In the next section, we discuss the RAR
derived from the MOND framework.

Appendix E: Robustness tests: RAR from MOND
models

To investigate the RAR in the MOND framework, we first need
to refit our MHUDF data directly with MOND parametric mod-
els, and then re-analyse the RAR from these new fits as in
Sect. 3. To refit our data, we extended our 3D modelling frame-
work, GalPaK3D (Bouché et al. 2015), to MOND (Milgrom
1983a) 4 using the interpolation functions defined in Sect. 3.3 of
Famaey & Durakovic (2026). Specifically, we used two interpo-

4 The MOND prescription used here is in isolation, without accounting
for the external field effect (EFE), which arises when a system is sub-
ject to a constant external gravitational field. Since our sample excludes
interacting galaxies and cluster members, the EFE is expected to have
only a minor impact.
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lation function families (Milgrom 1983c, McGaugh et al. 2016),

n − family : νn(x) =

[
1 +
√

1 + 4(x/a0)−n

2

]1/n

and (E.1)

δ − family : νδ(x) =
(
1 − exp

(
−(x/a0)δ/2

))−1/δ
, (E.2)

which relate the total and baryonic accelerations as

atot = ν(abar)abar. (E.3)

Briefly, in our implementation within GalPaK3D, the New-
tonian baryonic acceleration abar(r) is computed directly from
the disk, gas and, where applicable, bulge parametric mod-
els described in Paper I (and briefly detailed in Appendix
B, and thus, does not depend on any MOND-specific param-
eters). The code then evaluates the total acceleration atot(r)
using Eq. E.3. Again, corrections for pressure support, follow-
ing Dalcanton & Stilp (2010), were applied to the RCs.

The free parameters of the model are the same as in Paper I,
with the addition of the MOND-specific parameters, namely n
or δ, depending on the interpolation function, and the acceler-
ation scale, a0. We adopt the same priors as in Paper I for all
shared parameters. For the n-family model (Eq. E.1), we use a
flat prior 0.7 < n < 1.3 , while for the δ-family model (Eq. E.2),
we use a similar prior: 0.7 < δ < 1.3. These values are moti-
vated by Desmond et al. (2024), who showed that the best fits to
galaxy RCs were systematically close to n ∼ 1 or δ ∼ 1. We
note that δ = 1 immediately gives back the usual form of Eq. 1.5
We find that the two MOND models (E.1 and E.2) perform sim-
ilarly well, with a Bayes factor −2 < ∆log(Z) < 2, meaning
that they are indistinguishable, and we therefore quote results
for the δ-family (Eq. E.2, with δ ∼ 1, i.e. effectively Eq. 1) in the
remainder of this appendix.

Before discussing the RAR in the MOND framework, we
attempted to quantify the redshift evolution of a0(z) from the
individual fits to our MUSE data cubes with: (i) a0 free in each
galaxy, with a broad flat prior 10−11 < a0 < 10−9; (ii) a0 fixed
to the z = 0 canonical value; and (iii) with the redshift evolution
a0(z) (Eq. 3), where a1 is a free parameter for each galaxy (with
a broad flat prior −1 × 10−9 < a1 < 1 × 10−9) and a0(0) is kept
fixed to the z = 0 value.

Regarding (i), a0 was treated as a free parameter in the kine-
matic modelling of the individual MUSE cubes, and we do not
recover a single, well-defined characteristic acceleration for the
sample. Instead, the inferred a0|z∼1 values display broad galaxy-
to-galaxy variations, ranging from 1.3×10−11 to 9.6×10−10 m/s2,
with a median value of a0|z∼1 = 2.27 × 10−10 m/s2 (close to
the value inferred in the main text in the ΛCDM framework
- Eq. 2). It is worth noting that similar results were obtained
by Rodrigues et al. (2018), who used Bayesian inference on the
SPARC and THINGS samples to show that the probability of
a single, universal acceleration scale common to all galaxies is
effectively zero (but see also McGaugh et al. (2018) on the role
of inclination and M/L uncertainties and priors on this statistical
result).

We tested whether the acceleration scales inferred from our
fits to the individual data cubes are consistent with being at or
below the canonical SPARC value, by performing a one-sided
Kolmogorov–Smirnov (KS) test. The fiducial value was mod-
elled as a Gaussian distribution centred on a0 = 1.2×10−10 m/s2

5 We fitted our data with MOND models in which the δ parameter was
fixed to δ = 1 or δ = 2.5, or allowed to vary with broad Gaussian priors,
all of which yielded very similar results for our sample.

with a width equal to the measurement error 0.26×10−10 reported
in McGaugh et al. (2016). Our measurement uncertainties were
incorporated by generating 10000 Monte Carlo realisations of
the sample. In every realisation, the null hypothesis is rejected at
a confidence level of 99%, with a median statistic of D = 0.55
and a median p− value = 5.5 · 10−20, indicating that the inferred
values are systematically higher than the canonical a0(0) value.

Regarding (ii), when a0 is fixed to a0(0) = 1.2 × 10−10 m/s2

in the kinematic modelling, we found that the fits are worse, with
the Bayes factor indicating positive evidence (∆log(Z) < −2) for
the models with a0 as a free parameter. We find that the model
with free a0 (i.e. model i) performs as well or better than that
for a fixed a0 (i.e. model ii) for & 70% of the sample. Similar
results were obtained when comparing the model with z-varying
a0 (i.e. model iii) to the one with fixed a0. We also note that
the dynamically inferred M? using the model with fixed a0 are
overestimated by ∼ 0.28 dex with respect to the ones obtained in
the main text using DC14, and are likewise elevated compared
to independent SED-based estimates (although it does bring the
M/L closer to those assumed in the SPARC database at z = 0).

Regarding (iii), we show the resulting a1 values from the
individual fits in Fig. E.1 (solid histogram). This figure reveals
that the inferred a1 values are predominantly positive, suggest-
ing a positive correlation between the characteristic acceleration
scale and redshift, and that the peak of the a1 distribution is near
the value (vertical line) obtained with the z-dependent fit to the
RAR discussed in the main text (see Sect. 3.2: Eq. 4, Fig. 3).
While individual a1 values carry measurement uncertainties, we
quantify the significance of the overall positive trend using a
one-sample KS test (described below), which incorporates these
uncertainties.

To quantify the statistical significance of this apparent off-
set from zero, we tested whether the a1 values are consistent
with being drawn from a zero-mean Gaussian distribution. This
was achieved by performing a one-sample KS test against a
standard normal null cumulative distribution function. Our mea-
surement uncertainties were incorporated by generating 10000
Monte Carlo realisations of the sample. In every realisation, the
null hypothesis is rejected at the 99% confidence level, with
a median KS statistic of D = 0.30 and a median p-value of
1.2 × 10−5. This indicates that the distribution of a1 is incon-
sistent with a zero-mean Gaussian.

Taken together, these results indicate that the individual fits
of our intermediate-z galaxies do favour a positive a1 value when
fitted in a MOND framework, which agrees with the evolution
inferred from the RAR when the data is fitted with DM halos
(Sect. 3.2), hinting at a positive correlation between the charac-
teristic acceleration scale and redshift.

Finally, for consistency, we re-analyse the RAR from these
new fits, using the results from the MOND model (i), i.e. with a0
free in each galaxy and δ ∼ 1, following the methodology pre-
sented in Sect. 3. First, we derive abar(r) and atot(r) as described
in Appendix B from the individual model RCs. The resulting
RAR is shown in Fig. E.2. We then fit the resolved RAR tracks
of our sample with Eq. 1, leaving a0 as a free parameter (using
the same methodology as in Sect. 3.1), and we show the result
as the purple curve in Fig. E.2 and as the blue point in Fig. 2:

a0|z∼1 = 2.19+0.12
−0.10 × 10−10 m/s2. (E.4)

The recovered a0|z∼1 value is in fairly good agreement with the
values of a0|z∼1 obtained previously when the data were fitted
with DM halos (Eq. 2, purple data point in Fig. 2), and is larger
than the canonical z = 0 value (red star in Fig. 2). In Fig. E.2,
we also plot as the cyan curve Eq.1 using for the characteristic
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Fig. E.1. Distribution of the MOND acceleration parameter a1. The pur-
ple histogram shows the recovered a1 values from individual galaxy fits.
The vertical red line marks the reference value obtained from the RAR
in the main text, a1 = (1.59+0.11

−0.10) × 10−10 m/s2, using the DC14 frame-
work (Eq. 4).

acceleration scale the median value inferred for the sample from
the individual MOND fits on the data cubes, i.e. a0|z∼1 = 2.27 ×
10−10 m/s2, which close to the a0|z∼1 inferred from the fit to the
RAR.

Following the procedure presented in Sect. 3.2, we also fit
the RAR extracted from the MOND framework using the z-
dependent acceleration scale (Eq. 1 substituting a0 with Eq. 3),
and obtain

a0(0) = 1.03+0.05
−0.05×10−10 m/s2; a1 = 1.20+0.10

−0.10×10−10 m/s2. (E.5)

To test whether this result is consistent with the values inferred
from individual MOND fits, we also performed a direct linear
regression of the best-fit a0 values from each galaxy as a func-
tion of z, which yields a slope a1 = 1.42+0.94

−0.89 × 10−10 m s−2,

and an intercept a0(0) = 1.11+0.39
−0.51 × 10−10 m s−2, in fairly good

agreement with the z-dependent fit to the RAR presented above
(Eq. E.5), and with the values obtained in the main text (Eq. 4).
Together, these results reinforce the presence of a systematic
increase of the characteristic acceleration scale with redshift as
we found previously when the data were fitted with DM halos
(Sect. 3.2 and Appendix D).

We end this appendix by noting that these MOND fits under-
perform compared to the DM-based models (Appendix D) for
over 60% of the sample using the Bayesian model comparison
test as in Paper I.

Appendix F: Quantifying the z-evolution of the RAR

To complement the z-dependent RAR fit presented in Sect. 3.2,
we show the full posterior distributions of all fitted parameters
in Fig. F.1. The fit was performed on the whole sample using the
MNR method implemented in Roxy (Bartlett & Desmond 2023),
by replacing a0 in Eq. 1 with the redshift-dependent form defined
in Eq. 3. In addition to the primary parameters, a0(0) and a1, the
corner plot displays the intrinsic scatter of the relation, σintr, and
the Gaussian hyperparameters µgauss and wgauss. Here, µgauss and
wgauss represent the mean and standard deviation of the Gaussian
prior on the true log(abar) values. The hyperparameters are also

Fig. E.2. RAR of our intermediate-z sample, where abar and atot are
derived from the RCs modelled in the MOND framework. The cross
in the lower right corner indicates the mean 1σ uncertainties on the
data points. The dotted black line shows the 1:1 relation. The purple
curve represents the best-fit RAR, with a0|z∼1 = 2.19+0.12

−0.10 × 10−10 m/s2

(i.e. as in Fig. 1). The cyan curve shows the relation, as inferred using
the median a0 value from the MOND fits to the individual data cubes,
namely a0|z∼1 = 2.27 × 10−10 m/s2 .

Fig. F.1. Corner plot showing the posterior distributions of the parame-
ters from the redshift-dependent fit to the RAR for the full sample. The
acceleration scale is replaced by a0(z) = a0(0) + a1 · z in the MOND-
inspired interpolation function (Eq. 1). The Gaussian hyperparameters
µgauss and wgauss define the mean and width of the Gaussian prior on the
true log(abar) values, as implemented in Roxy, while σintr represents the
intrinsic scatter of the RAR. The units of a0 and a1 are 10−10 m/s2, while
for µgauss, wgauss, and σintr the units are in dex. The contours indicate the
68% and 95% confidence levels.

marginalised over when inferring a0(0) and a1. The 2D contours
reveal no significant correlations, confirming that a0(0) and a1
are well constrained.

This linear relation, using the best-fit values of a0(0) and a1
is shown as the purple line in Fig. 3. We note that this global
fit is obtained from a single likelihood analysis of all individ-
ual data points and is not a regression through the a0 values
obtained from the binned analysis, i.e. the black data points
shown in Fig. 3. Because data points enter the fit with their
full measurement uncertainties, higher-z measurements typi-
cally carry less statistical weight, and small offsets between
the global relation and the binned estimates are therefore
expected.
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