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Abstract

Using a sample of ~126,000 late-type galaxies (LTGs) from the Sloan Digital Sky Survey, we analyzed stellar mass
as a function of the dynamical mass. Stellar masses are estimated using eight stellar population synthesis (SPS)
models with constant initial mass functions (IMFs), while dynamical masses are derived from seven formulations
based on Newtonian dynamics and virial equilibrium, incorporating both stellar and gas velocity dispersions. We
account for key factors affecting dynamical mass estimation, including the inclination, colour, concentration, and
Sérsic index. We find that the difference between dynamical and stellar mass (A log M) ranges from nearly zero to
~95% of the dynamical mass, depending on mass and redshift. AlogM appears to decrease with increasing
redshift, but exhibits a saddlelike shape at low mass and low redshift—especially in disk-dominated LTGs—
transitioning into a steep, linear trend at higher masses and redshifts. In the high-mass regime, the behavior
resembles that of early-type galaxies. Moreover, our results indicate that this evolution is not discrete but follows a
continuous transition between morphological regimes. Dark matter within LTGs is at most equal to AlogM,
depending on the impact of the IMF and SPS on stellar mass estimation. Although SPS-based stellar masses do not
include the gas component, previous studies have shown that galaxies with log(Msceqar/Msorr) > 10 at z < 0.3 are
predominantly stellar-mass dominated. Most galaxies in our sample fall within this regime, minimizing the impact
of gas exclusion. Our findings go beyond the scope of individual galaxies, providing insight into the nearby Universe
and highlighting the role of dark matter in determining galaxies’ structure and evolution.
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1. Introduction

For the past five decades, the determination of galaxy
masses has stood as a focal point in astrophysics, as evidenced
by seminal works such as those by E. M. Burbidge &
G. R. Burbidge (1975), M. Fich & S. Tremaine (1991), and
recently by S. Courteau et al. (2014) and L. Scholz-Diaz et al.
(2024), among numerous others. Over this period, the field has
evolved significantly, and at present, three primary methods
have emerged as the cornerstone for calculating galaxy
masses. Each of these methods presents distinct technical
challenges and advantages, requiring a multifaceted approach
to the understanding of galactic mass determination. The
following describes the specifics of each method.

1. Dynamical Masses. Dynamical masses are calculated
using dynamic techniques that rely on rotation curves or
the velocity dispersion of gas or stars within galaxies
(A. Nigoche-Netro et al. 2022). It is important to note
that these methods assume the validity of Newtonian

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

gravity at galactic scales. Determinations of dynamical
masses for late-type galaxies (LTGs) are primarily derived
from their rotation curves. Early attempts to determine
galaxy masses using this method were made by
J. Scheiner (1899), V. M. Slipher (1914), F. G. Pease
(1918), and E. Opik (1922), where they inferred the mass
of M31. Later, there were efforts to determine the mass of
the Milky Way by J. C. Kapteyn & P. J. van Rhijn (1922),
J. H. Oort (1932a), and J. H. Oort (1932b). Determinations
of M3I’s total mass using velocities derived from
absorption lines were conducted by H. W. Babcock
(1939), N. U. Mayall (1951), and A. Lallemand et al.
(1960). The flatness of rotation curves in various types of
galaxies is a well-established phenomenon, as demon-
strated by S. M. Faber & J. S. Gallagher (1979),
V. C. Rubin et al. (1985), and Y. Sofue & V. Rubin
(2001). Mass determinations of LTGs have also been
made using emission lines such as H,,, CO, and H 1, with
reasonable agreement among them.

. Stellar, Luminous, and Baryonic Masses. In this work,

we distinguish between stellar mass, luminous mass, and
baryonic mass. The stellar mass refers to the mass
contained in stars, whereas the luminous mass denotes
the portion of the baryonic content directly traced by
electromagnetic emission, predominantly from stars but
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potentially also from luminous gas components. The
baryonic mass encompasses all baryonic components,
including both luminous matter and nonluminous or
weakly luminous constituents such as cold atomic and
molecular gas, ionized gas, and stellar remnants.

The luminous mass of a galaxy can be inferred from
its integrated luminosity in combination with an appro-
priate mass-to-light ratio (M/L). The M/L ratio is not
universal; it varies among galaxies and depends on factors
such as mass assembly history (G. De Lucia et al. 2007),
spectral energy distribution (SED; J. Walcher et al. 2011;
C. Conroy 2013), stellar population mix (J. H. Oort 1926;
W. Baade 1944; P. G. Van Dokkum 2008; C. Conroy
et al. 2009; C. Maraston et al. 2009; L. Greggio &
A. Renzini 2011; C. Maraston & G. Strombick 2011;
Y. Chen et al. 2012), star formation rate (SFR;
A. Sandage 1986; L. A. MacArthur et al. 2004), and
initial mass function (IMF; E. E. Salpeter 1955;
J. M. Scalo 1986; P. Kroupa 2001; G. Chabrier 2003;
P. G. Van Dokkum 2008; M. Cappellari et al. 2012;
L. Martin-Navarro et al. 2023). Although determining the
M/L ratio is a nontrivial task, once it is constrained, the
luminous mass can be computed directly from the galaxy’s
total luminosity and its distance.

The stellar mass is generally derived using stellar
population synthesis (SPS) techniques, which model the
integrated light of galaxies as the sum of contributions
from stars of different ages and metallicities. SPS
incorporates stellar evolutionary tracks from the main
sequence to the remnant stage, stellar spectral libraries,
empirical or theoretical dust attenuation models, and an
assumed IMF (C. Conroy 2013, and references therein).

It is important to note that both the luminous and
stellar masses generally underestimate the total baryonic
mass, as they neglect the contribution from nonstellar
baryons stored in the interstellar medium and in other
nonluminous or weakly luminous components (see
Section 5.4).

3. Mass Determination Using Relativistic Gravitational
Lensing. This method provides a rough estimate of a
single galaxy’s mass. However, it usually requires a
massive object like a galaxy cluster to gravitationally lens
light. The first detection of weak gravitational lensing was
achieved by J. A. Tyson et al. (1984) and T. G. Brainerd
et al. (1996). Strong gravitational lensing has also been
observed, with its byproducts including measurements of
galaxy cluster masses, by M. Meneghetti et al. (2017) and
A. Ghosh et al. (2023), among others.

To apply the first two methods (dynamics, stellar), knowing
the galaxy’s distance is essential, and greater distances
introduce more uncertainty into mass determination.

In the case of LTGs, these contain different structures (bulge,
disk, spiral arms) with different levels of importance that make
the proper calculation of dynamical mass difficult because the
tracers of these structures are different. The best way to obtain
the dynamical mass of LTGs is by using rotation curves. At low
redshift, surveys such as the Sydney—Australian Astronomical
Optics Multi-object Integral Field Spectrograph (SAMI) and the
Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) have provided valuable datasets. SAMI covers a
redshift range of 0.004 < z < 0.095 and includes approximately
3400 galaxies across diverse environments (S. M. Croom et al.
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2012), while MaNGA, part of the Sloan Digital Sky Survey
(SDSS-IV), spans a redshift range of 0.01 <z<0.15 and
contains a sample of around 10,000 galaxies (K. Bundy et al.
2015). At higher redshift, integral field units (IFUs) such as
MUSE, KMOS, and SINFONI have made it possible to derive
rotation curves up to z ~ 3, providing samples of order ~1000
galaxies (N. M. Forster Schreiber et al. 2006; R. Bacon et al.
2015; E. Wisnioski et al. 2015). These surveys have opened a
new window into the kinematics of distant LTGs. However,
despite their scientific importance, the relatively small number
of galaxies in these samples limits their use for statistical studies
such as the one presented here, where large and homogeneous
samples are required to minimize biases and obtain robust
statistical inferences. In contrast, the SDSS main sample
contains more than one hundred thousand LTGs within
0.00 < z<0.35, with both photometric and spectroscopic
information. Although rotation curves are not available for this
large sample, their dynamical masses can be estimated through
the velocity dispersion of gas and/or stars. A. Nigoche-Netro
et al. (2022) exploited this information by calibrating dynamical
masses derived from SDSS velocity dispersions with rotation
curves from a smaller set of LTGs in the literature, thereby
accounting for the different structural components (bulge, disk,
arms) that characterize LTGs.

An important feature of the rotation curves of many spiral
galaxies is that in their outer part (beyond where the bulk of the
galaxy’s luminosity is located), they are flat. This led to the idea,
using Newton’s mechanics, that there was much more matter
than what could be photometrically detected (H. W. Babcock
1939). This nonobservable matter was called dark matter (DM).
Currently, there is still no direct evidence of DM, and many
particles have been proposed theoretically to justify it, including
theories in which DM is dispensed with by modifying Newton’s
dynamics (MOND; M. Milgrom 1983, 1988). However, these
theories, like MOND, can only explain very specific phenomena,
so they cannot yet be considered valid (e.g., M. H. Chan &
K. C. Law 2023).

According to the above, the total mass of a galaxy can be
considered as the sum of baryonic mass and DM. Assuming
that both baryonic matter and DM obey Newton’s law of
universal gravitation, the total mass inferred from the galaxy’s
dynamics can be referred to as the dynamical mass. The
difference between the dynamical mass and the baryonic mass
provides an estimate of the DM content.

In this work, we adopt the stellar mass as a proxy for the
baryonic mass. This assumption simplifies the analysis but
carries important implications: it underestimates the true
baryonic mass because it neglects nonstellar baryonic
components such as cold atomic and molecular gas, ionized
gas, and stellar remnants. As a result, the inferred DM content
may be correspondingly overestimated, particularly in gas-rich
galaxies (details are provided in Section 5.4).

Previous studies (A. Nigoche-Netro et al. 2015, 2016, 2019)
have investigated the dependence of DM content in early-type
galaxies (ETGs) on various parameters, including dynamical
mass, redshift, and environment, reporting significant correla-
tions with each. In the present work, we extend this framework
to LTGs, incorporating a broader set of variables and
accounting for potential biases that may influence DM
estimates. Identifying these dependencies offers valuable
insights into the formation histories and evolutionary pathways
of galaxies across morphological types.
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In order to ensure consistency with our previous studies and
to enable direct comparisons with published results, we
characterize the offset between dynamical and stellar masses
using the logarithmic quantity

Mpyn .
Alongog( Dy )log(M). (1)
MSolar MSolar

This logarithmic mass difference offers several methodolo-
gical advantages over the commonly used DM fraction. It
compresses the dynamical range of the measurements,
improving the visibility of systematic trends and reducing
the influence of outliers. As a scale-independent and
symmetric estimator, it enables consistent comparisons across
galaxies spanning a wide range of masses, redshifts, and
environments, and integrates naturally into log—log frame-
works frequently employed in galaxy scaling relations.
Furthermore, it is less sensitive to absolute uncertainties in
mass estimates, particularly in regimes where Mpy, ~ Msciiars
and has served as a standard diagnostic in our previous work,
ensuring methodological continuity.

By contrast, the DM fraction fpy, defined as

M = — e )

is inherently scale-dependent and asymmetric, and can be
more susceptible to measurement uncertainties, especially
when the stellar and dynamical masses are comparable.
Although fpy is widely used to quantify the relative
contribution of DM in galactic systems, its dependence on
the absolute scale of the system can introduce biases when
comparing galaxies of different sizes or evolutionary stages.

In this study, we adopt the logarithmic mass difference as a
more robust alternative. This metric captures the proportional
relationship between stellar and dynamical components
without being affected by the physical scale of the system,
thereby facilitating more consistent statistical analyses across
heterogeneous samples. Importantly, fpy can be expressed as a
function of AlogM:

foqr = 1 — 107 2lezM 3

allowing for straightforward transformations between both
quantities. This formulation enables direct comparison with
previous results in the literature that employ either metric,
while preserving the analytical and interpretive advantages of
the logarithmic approach. It should be noted, however, that the
general form of Equation 3 must include the total baryonic
mass rather than the stellar mass alone. Consequently, when
stellar mass is used as a proxy, Equation 3 is strictly valid only
for systems in which nonstellar baryonic components (such as
the gas mass) are negligible.

This work is organized as follows: In Section 2, we present
our sample of galaxies and the method by which it was
selected. Section 3 presents the formal definition of stellar and
dynamical masses. In Section 4, we calculate the difference
between the dynamical and the stellar mass of LTGs in our
sample. In Section 5, we discuss our findings, and finally, in
Section 6, we present our conclusions.
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Figure 1. Color g —r distribution of the sample of 126,815 LTGs used in
this work.

2. The Sample of LTGs

We selected a sample of galaxies with exponential
brightness profiles from the SDSS DR16 (D. G. York et al.
2000; M. R. Blanton et al. 2003). To achieve the goals of this
work, we required essential parameters: size and velocity
dispersion from stars and gas. We used the SDSS fracDeV
parameter, which corresponds to the Sérsic (1968) index n,
with n = 1 equivalent to fracDeV = 0 and n = 4 equivalent to
fracDeV = 1. Galaxies with fracDeV < 0.5 are well fitted by
an exponential profile. We also considered that the g and r
filters tend to have lower photometric uncertainties; equally,
there are lower spectroscopic uncertainties for velocity
dispersions greater than 60 km s, so we used the photometric
data from these filters and applied this velocity dispersion cut-
off. The resulting sample, which met the criteria of
fracDeV, < 0.5, fracDeV,< 0.5, and stellar o> 60 km s7!
according to the SDSS nomenclature, comprised 126,815
galaxies. These galaxies are distributed in a redshift (z) range
of approximately 0.00 < z < 0.35 and cover a magnitude range
of approximately Am ~ 10 mag.

In Figures 1, 2, and 3, we present the color g —r, the
concentration index (R90/R50), and the Sérsic index (n),
respectively, for the selected sample.

The g — r color was derived from the corrected g and r
magnitudes in the SDSS (see Appendix A.11).

The concentration parameter was calculated by averaging
the ratio of the Petrosian radii (R90/R50) in the g and r filters
from the SDSS. R90 and R50 are the radii that contain 90%
and 50% of the Petrosian flux, respectively.

The Sérsic index (n) was determined by fitting the n versus
R90/R50 data from Table 1 in A. W. Graham et al. (2005)
using the corrected g and r filters from the SDSS. We then
averaged these indices.

Figures 1, 2, and 3 clearly show that the galaxy distribution
is within the typical ranges for LTGs. Therefore, using the
fracDeV parameter to compile the LTGs sample adequately
meets the goals of this research.

3. The Mass Estimations of LTGs

In this work, dynamical masses are those calculated from
the velocity dispersion of gas or stars in galaxies (refer to
Section 3.1); these were calibrated using masses derived from
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Figure 2. Concentration index (R90/R50) distribution of the sample of
126,815 LTGs used in this work.
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Figure 3. Sérsic index (n) distribution of the sample of 126,815 LTGs used in
this work.

rotation curves. It is crucial to emphasize that velocity
dispersion and rotation curves are two different methods used
for mass determination. Both mass values originate from the
galaxy’s gravitational potential and are calculated using
Newtonian dynamics. Obtaining the dynamical mass of LTGs
is most effectively achieved through rotation curves. While
integral field spectroscopy has enabled such measurements up
to z ~ 3, the limited sample sizes and observational demands
of IFU-based surveys constrain their applicability for large-
scale statistical analyses. In contrast, photometric and spectro-
scopic data from wide-field surveys such as SDSS offer
extensive coverage—over 100,000 LTGs—though they lack
the spatial resolution required to derive full rotation curves.
Nevertheless, dynamical masses can be estimated from gas
and/or stellar velocity dispersions, providing a practical
alternative for constructing homogeneous and statistically
robust samples. This study leverages SDSS data to generate
dynamical mass estimates for LTGs with broad coverage and
relatively low associated uncertainties. By relying on spectro-
scopic measurements such as gas and stellar velocity
dispersions, this approach enables the construction of
statistically robust samples while minimizing systematic biases
inherent to more spatially resolved methods. In particular, it
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avoids region-selection biases that arise when dynamical
estimates are restricted to specific galactic zones—such as
central bulges or star-forming disks—potentially misrepresent-
ing the global mass distribution. Additionally, the use of
homogeneous SDSS spectroscopic data helps mitigate
instrumental and calibration biases, ensuring consistency
across measurements and reducing uncertainties linked to
aperture effects and cross-instrument variability.

In the case of stellar mass, it is derived using SPS
techniques (see Section 3.3). It is important to recognize that
SPS models typically misjudge the quantities of neutral and
ionized gas, dust, and stellar remnants, and other possible
forms of baryonic matter in galaxies such as compact halo
objects. These factors can result in an underestimation of a
galaxy’s baryonic mass. Additionally, the ratios of stars, gas,
and stellar remnants can differ across galaxies, influencing
their dynamic characteristics and evolution. In Section 5, we
will examine the possible implications of using this stellar
mass as an estimate for total baryonic mass in our findings.

Below, we present the key variables, potential biases, and
corrections that may affect the estimation of dynamical, stellar,
and dark masses. A detailed description of these biases, along
with the specific corrections applied to mitigate them, is
provided in Appendix A, where each factor is discussed in
depth, and the corresponding correction formulae are outlined
following A. Nigoche-Netro et al. (2015) and related works.

1. Key variables. Velocity dispersion o, effective radius r,,
IMF, color indices, redshift z, stellar population models,
virial factor K (see Equation (4)), luminosity /magni-
tude, mass.

2. Main biases.

a. Geometry/Orientation: inclination, aperture.

b. Observational: seeing, extinction, cosmological
dimming, Malmquist bias.

c. Model-dependent: IMF choice, metallicity, dust, star
formation history, stellar remnants.

d. Sample: completeness, selection effects, wavelength
dependence.

3. Corrections Applied
a. Seeing and extinction corrections (for magnitudes and

re).

. k-corrections and cosmological dimming adjustments.

. Evolutionary corrections to luminosity.

. Rest-frame corrections to effective radius.

. Aperture corrections to velocity dispersion.

o a0 o

The uncertainties in the photometric and spectroscopic
variables were obtained from the uncertainties provided by the
SDSS and propagated considering the mathematical expres-
sions of each correction step.

3.1. The Dynamical Mass from the Stars or Gas of LTGs

For the dynamical mass, we adopt the principles of
Newtonian dynamics, virial equilibrium, and attribute velocity
dispersion to the size of the gravitational potential well. Our
mass estimates for LTGs are derived from data pertaining to
stars and gas, sourced from the SDSS DR16. These estimates
have been fine-tuned through a dataset of galaxies for which
we have conducted rotation curve measurements, as detailed in
A. Nigoche-Netro et al. (2022; see Section 3.2 for more
details). In SDSS DR16, velocity dispersion measurements for
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both stars and gas are derived from single-fiber spectroscopy
obtained with the original SDSS spectrograph (used in SDSS-
I/I) and the BOSS spectrograph (used in SDSS-III/IV).
These instruments provide moderate-resolution spectra
(R ~ 1800-2200) over the wavelength range 3600-10400 A.
For stellar velocity dispersion, the SDSS DRI16 pipeline
employs full-spectrum fitting techniques on the observed
galaxy spectra. The pipeline compares each spectrum to a grid
of SPS models (G. Bruzual & S. Charlot 2003;
C. Maraston 2005), which are broadened by a Gaussian line-
of-sight velocity distribution. The best-fit model yields an
estimate of the stellar velocity dispersion, after correcting for
instrumental resolution. These measurements are performed
using a chi-squared minimization over selected wavelength
regions that avoid strong emission lines and sky residuals. The
gas velocity dispersion is calculated by fitting Gaussian
profiles to prominent nebular emission lines (Balmer lines).
For each line, the width of the fitted Gaussian is corrected for
instrumental broadening using the known line-spread function
of the spectrograph at the corresponding observed wavelength.
Emission-line measurements are performed using the idl-
spec2d and SpecLine pipelines, which fit both the continuum
and emission-line components simultaneously or iteratively.
These measurements are made available in the DRI16
SpecObjAll and SpecLineAll catalogs, which include velocity
dispersions, line widths, and associated uncertainties for over 4
million unique spectra.

To address potential biases in the estimation of the
dynamical mass (Mpy,), we have calculated seven different

dynamical masses using the following equation
(A. Poveda 1958):
r,o?
Mpy, ~ K G 4)

In this context, r, and o, correspond to the effective radius and
the velocity dispersion of stars (or gas) within r,, respectively.
G is the gravitational constant, and K is introduced as a
proportion or scale factor.

Equation (4) represents an idealized scenario, overlooking
potential influences on mass estimations for LTGs stemming
from environmental factors, structural characteristics, and
velocity dispersion anisotropies, among others.

Traditionally, the scale factor K has been held as a constant,
as exemplified by the case of the de Vaucouleurs profile, where
K = 5.9 (M. Cappellari et al. 2006). However, subsequent
studies have indicated that this scale factor may exhibit
variations dependent on factors such as the Sérsic index and
the inclination angle of the galactic plane (M. Cappellari et al.
2006; P. Mocz et al. 2012). In our research, we will explore
both constant and variable scale factors and take into account
the importance of the different structures that make up
the LTGs.

Given that LTGs have distinct structural components (stars/
gas, bulge/disk), it is important to see how these different
components affect the estimation of dynamical masses. In the
case of the disk, we have assumed that the global behavior of
the gas is governed by gravitational interaction. This
assumption is not far from reality, given that the force of
gravity is the dominant force on large scales, keeping the gas
within the galaxy and dictating its overall structure. The
velocity dispersion used measures the gravitational effects on
the gas. With this information, a mass estimation is made,
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which is calibrated using mass estimates obtained from
rotation curves. We must remark that Equation (4) provides
an estimate of the dynamical mass under the assumption of
virial equilibrium; however, this mass should not be confused
with the virial mass associated with DM halos.

It is important to clarify that when estimating the dynamical
mass of LTGs using the velocity dispersion derived from
Balmer emission lines, we are tracing the kinematics of
ionized hydrogen gas. These lines originate in HII regions,
where hydrogen atoms have been ionized by ultraviolet
radiation from young, massive stars. The subsequent
recombination and electronic transitions produce the Balmer
series in the optical spectrum. Therefore, the velocity
dispersion measured from these lines reflects the motion of
ionized gas within the galactic disk, which is typically
associated with recent star formation. In the context of SDSS
DR16, the Balmer lines provide a reliable tracer of the
gravitational potential in star-forming regions, and their
kinematics are used to infer dynamical mass under the
assumption of virial equilibrium.

Building on the previous discussion, we will offer
definitions and a discussion of these mass estimates,
summarized in Table 1. In Table 1, the “Relevant Sections”
column identifies the parts of the manuscript where the
variables and biases linked to each dynamical mass estimate
are described, particularly those we seek to mitigate.

1. Mys. This mass estimate is derived using a constant scale
factor (K=5.9) in conjunction with the velocity
dispersion of the stars.

2. M. This estimate of mass is obtained using a constant
scale factor (K =5.9) along with the velocity dispersion
of gas (H,).

3. Mgg. For this estimate, we calculate the mass using a
constant scale factor (K=5.9) and the velocity
dispersion of gas (average velocity dispersion of the
detected Balmer lines; H,, Hg, H,, Hs, H., H¢, H,).

4. M,s. We determine this mass by employing a scale factor
that varies with the Sérsic index n according to the
formula K = 8.87 — 0.831n+ 0.0241n* as proposed by
M. Cappellari et al. (2006). The velocity dispersion of
the stars is utilized in this calculation.

For the remaining three estimates, we incorporate a
scale factor (K) that depends on the galactic inclination
angle (i) as follows:

2
P (2.;548) ’ 5
sin(i)
L ()

1 —(0.19)2°

(6)

where a and b represent the apparent semimajor and
semiminor axes of the galactic disk. The value 2.3548
corresponds to the conversion factor between the
standard deviation and the full width at half-maximum
(FWHM) of a Gaussian profile, and is introduced to
express the dispersion in terms of FWHM units. The
inclination angle i is estimated from the observed axial
ratio (b/a), assuming an intrinsic flattening of 0.19 for
edge-on LTGs. This formulation follows the approach
adopted by P. Mocz et al. (2012), where inclination
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Table 1
Summary of the Seven Dynamical Mass Estimates (Mpy,) Used in This Study

Nigoche-Netro et al.

Acronym Scale Factor (K) Velocity Dispersion Source Relevant Sections
Mys Constant (K = 5.9) Stars A.1(b), A.7(a)
Mya Constant (K = 5.9) H, gas A.1(b—c), A.7(a)
Mgy Constant (K = 5.9) Balmer lines (avg.) gas A.1(b—c), A.7(a)
Mg Variable (Sérsic index) Stars A.1(b), A.7(b)
Mg Variable (inclination angle) Stars A.1(b), A.7(c)
Mis Variable (inclination angle) H, gas A.1(b-c), A.7(c)
Mg Variable (inclination angle) Balmer lines (avg.) gas A.1(b—c), A.7(c)

Note. Each method combines a specific scale factor (K )—either constant, Sérsic-dependent, or inclination-dependent—with velocity dispersion measurements from
stars or ionized gas. The last column indicates the sections where the associated variables and biases are discussed.

Table 2

Summary of Calibration Results for LTGs Dynamical Mass Estimates Based on A. Nigoche-Netro et al. (2022)

Variable

Observed Trend

Recommended Tracer

Magnitude

Sérsic index (n)
Concentration (R90/R50)

Color (g — r)

Inclination angle (i)
Overall trend

Weak correlation and high dispersion; no significant difference between bright and faint
subsamples.

For n < 0.8 (disklike), gas yields better fits; for n > 0.8 (bulge-like), stars perform better.
R90/R50 < 2.4 (disklike): better correlation with gas; R90/R50 > 2.4 (bulge-like): better with
stars.

Blue galaxies (g — r <0.6, disklike): gas preferred; red galaxies (g — r > 0.6, bulge-like): stars
preferred.

Galaxies with i > 66° show stronger correlations and lower dispersion, regardless of tracer.
Inclination-based separation improves calibration; tracer choice depends on morphology and
color.

Not applicable

Gas (low n), stars (high n)
Gas (low conc.), stars (high conc.)

Gas (blue), stars (red)

Either (if i is high)
Gas (disklike), stars (bulge-like)

Note. Each row highlights the impact of a specific variable on the correlation between dynamical and rotational mass estimates, along with the preferred tracer (gas

or stars) depending on structural and photometric properties.

corrections are essential for deriving intrinsic rotational
velocities, surface brightness profiles, and dynamical
parameters. The intrinsic axial ratio reflects the vertical
thickness of galactic disks and is empirically calibrated
from statistical samples of spiral galaxies. For more
details on Equations 5 and 6, see P. Mocz et al. (2012).

5. Mis. In this mass estimate, we apply a scale factor
determined by the inclination angle (as defined in
Equation (5)) in combination with the velocity dispersion
of the stars.

6. M. This mass is computed by employing a scale factor
determined by the inclination angle (as specified in
Equation (5)) along with the velocity dispersion of H,,.

7. Myg. We calculate this mass using a scale factor based on
the inclination angle (as described in Equation (5)) and
the average velocity dispersion of the Balmer lines.

These seven distinct mass estimates provide a comprehen-
sive analysis of Mpy, by considering different combinations of
scale factors and sources of velocity dispersion.

3.2. Calibration of the Dynamical Mass of LTGs

A. Nigoche-Netro et al. (2022) developed a method to
calibrate the masses of LTGs derived from Equation (4). The
calibration was conducted using a subsample of LTGs that had
rotational velocity data (B. Catinella et al. 2005). The
calibration involved comparing the masses of the galaxies in
the subsample obtained with Equation (4) (dynamical mass)
with those obtained through rotational velocity measurements,
using linear regressions. Their analysis considered various
variables and sources of bias relevant to dynamical mass

estimation, including magnitude, the Sérsic index n, con-
centration, color, and galactic inclination angle. The key
outcomes, as reported by A. Nigoche-Netro et al. (2022), are
summarized below and presented in Table 2.

1. When the magnitude is considered in the comparison of
subsamples of LTGs, they find that the correlation
coefficients attain the lowest values and the fit
dispersions attain the highest values relative to the other
variables considered in the analysis (Sérsic index n,
concentration, color, and angle of inclination). There are
no significant differences found in the correlation fits or
in the dispersion when comparing faint and bright galaxy
samples (refer to their Figure 2 and Table 1). Therefore,
the magnitude does not seem to influence the dynamical
mass estimate. This paragraph addresses the variables
and biases mentioned in Appendix A.8.

2. When considering the Sérsic index n, the correlation is
relatively high in all fits (see their Table 2). They observe
that for n < 0.8, the slopes are lower than those for
n > 0.8. It is noticeable that for galaxies with n < 0.8, the
correlation is lower when the dynamical mass is obtained
using the stars compared to when it is obtained using the
gas. For galaxies with n > 0.8, the opposite occurs. It
appears that morphology impacts the estimation of the
dynamical mass. This paragraph considers the variables
and biases discussed in Appendix A.1(b).

3. When considering the LTGs concentration parameter
(R90/R50), they find that for R90/R50 < 2.4, the slopes
are lower than those for R90/R50 > 2.4 (see their Table
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Table 3
Summary of the Eight Stellar Mass (Mgenar) Estimates Available in SDSS DR16

Acronym Method SFH Type Dust Treatment IMF Relevant Sections

Mzgp Granada Early Yes Van Dokkum A.2(a), A.3(b), A.5(a)
Mgn Granada Early No Van Dokkum A.2(a), A.3(a), A.5(a)
Mwp Granada Wide Yes Van Dokkum A.2(b), A.3(b), A.5(b)
My Granada Wide No Van Dokkum A.2(b), A.3(a), A.5(b)
Mpp Portsmouth Passive No Kroupa A.2(c), A.4(a), A.5(¢c)
Mpos Wisconsin PCA (BCO03) No Kroupa A.2(d), A.4(c), A.5(d)
Mpy, Wisconsin PCA (M11) No Kroupa A.2(d), A.4(c), A.5(e)
Mgy Portsmouth Star-forming No Kroupa A.2(c), A.4(b), A.5(c)

Note. Each method combines a specific SPS model, star formation history (SFH), dust treatment, and IMF assumption. The last column indicates the sections where
the associated variables and biases are discussed.

3). They also find a relatively high correlation for all fits.
In this case, they observe that the more concentrated
LTGs (R90/R50 < 2.4) show a larger correlation when
using the gas to estimate the dynamical mass, as opposed
to using the stars. For the less concentrated galaxies
(R90/R50 > 2.4), the opposite occurs. The structure
seems to affect the calculation of the dynamical mass.
This paragraph considers the variables and biases
discussed in Appendix A.1(b).

. When considering the color of LTGs, they found that for

blue galaxies (g — r < 0.6), the slopes are lower than those
for red galaxies (g —r > 0.6; see their Tables 4 and 5).
They also find a relatively high correlation in all cases. It
can be noticed that for blue galaxies, the correlation is
lower when the dynamical mass is obtained using the stars
compared to when it is obtained using the gas. For red
galaxies, the opposite occurs. The determination of the
dynamical mass seems to be influenced by the color of the
galaxy. This paragraph considers the variables and biases
discussed in Appendix A.1(b).

. When taking into account the inclination angle of the

galaxy, they observe that for smaller inclination angles,
the slopes are greater than for larger inclination angles
(see their Table 6). They also found a clear difference in
correlation coefficient and dispersion for samples with
smaller inclination angles compared to samples with
larger inclination angles. The correlation of the fits is
higher (indicating lower dispersion) for galaxies with
inclination angles i > 66°, regardless of whether the
velocity dispersion considered is that of the stars or the
gas. The estimation of dynamical mass seems to be
influenced by the galaxy’s inclination angle. This
paragraph considers the variables and biases discussed in
Appendix A.1(a).

. In general, the fits show a lower correlation (larger

dispersion) when the galaxies are separated by
luminosity values and a larger correlation (lower
dispersion) when the galaxies are separated by inclina-
tion angle values (see their Tables 1-6 and Figures 2-8).
In all cases, the best calibrations for the dynamic mass
are those for which the inclination angle is relatively
high (i >66°). On the other hand, for LTG samples
exhibiting traits such as relatively low Sérsic index, low
concentration, or blue color (indicating disk-dominated
galaxies), the dynamical mass should be estimated using
the gas velocity dispersion (H,, or the average velocity
dispersion of the Balmer lines). In contrast, for cases

with relatively high Sérsic index, high concentration, or
red color (suggesting bulge-dominated LTGs), it is more
suitable to use the dynamical mass estimate derived from
the velocity dispersion of the stars. The previous results
are summarized in Table 2.

3.3. The Stellar Mass

SPS methodologies are widely employed to determine the
stellar masses of galaxies due to their more accurate and
comprehensive estimations in comparison to alternative
approaches. SPS relies on various components, including
calculations of stellar evolution spanning from the main
sequence to stellar death, spectral libraries of stars, empirical
dust models, and stellar IMFs (C. Conroy 2013, and references
therein). These elements work in concert to transform the
evolution of a diverse population of stars with varying
metallicities and ages into a prediction for the evolving
integrated light emitted by that stellar population. In the SDSS
DRI16, there are eight estimations of the total stellar mass
obtained considering the elements mentioned before. In this
study, we use these eight estimates, summarized in Table 3,
and briefly describe them below. In Table 3, the “Relevant
Sections” column identifies the parts of the manuscript where
the variables and biases linked to each stellar mass estimate are
described, particularly those we seek to mitigate.

1. Mgp. StellarMassFSPSGranEarlyDust. Stellar masses
for SDSS and BOSS galaxies were estimated using the
Granada method, which involves fitting SPS models by
C. Conroy et al. (2009) to SDSS photometry in the ugriz
bands. The fitting process utilizes extinction-corrected
model magnitudes scaled to the i-band c-model
magnitude. This particular implementation of the
method, referred to as the “early-star formation” version,
imposes a constraint on the epoch of star formation,
restricting it to within 2 billion years after the Big Bang.
In addition, it incorporates a dust extinction fitting
procedure and adopts an IMF of the form proposed by
P. G. Van Dokkum (2008). This IMF is flexible with
respect to a characteristic mass (m.) and is continuous,
thereby avoiding artificial discontinuities in the lumin-
osity evolution of passive stellar populations. It closely
resembles the widely used IMFs of G. Chabrier (2003)
and P. Kroupa (2001) in the mass range around 1M,
but allows m. to vary in order to explore possible
temporal evolution of the IMF. Unlike the segmented
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power-law form of the Kroupa IMF, this continuous
functional form provides a smoother and more realistic
treatment of SPS.

2. Mgn.StellarMassFSPSGranEarlyNoDust. Stellar masses
for SDSS and BOSS galaxies were obtained using the
Granada method, particularly the “early-star formation
with no dust” variant. This method involves fitting SPS
models developed by C. Conroy et al. (2009) to SDSS
photometry across the ugriz bands. The fitting process is
conducted using extinction-corrected model magnitudes,
which are then scaled to match the i-band c-model
magnitude. In the “early-star formation” version, the
assumption is that star formation in the galaxy is
constrained to a period within 2 billion years of the
Big Bang. Furthermore, this version also includes an
IMF using the form proposed by P. G. Van
Dokkum (2008).

3. Mywp. StellarMassFSPSGranWideDust. The estimated
stellar masses for SDSS and BOSS galaxies, using the
Granada method with wide-star formation and account-
ing for dust, were calculated by fitting SPS models from
C. Conroy et al. (2009) to SDSS photometry data in the
ugriz filters. This fitting process involved extinction-
corrected model magnitudes scaled to match the i-band
c-model magnitude. This particular version, referred to
as the “wide-star formation” approach, encompasses an
extended star formation history, takes into account dust
extinction, and utilizes an IMF from P. G. Van
Dokkum (2008).

4. Myy. StellarMassFSPSGranWideNoDust. The esti-
mated stellar masses for SDSS and BOSS galaxies,
employing the Granada method with wide-star formation
and no dust extinction, were derived by fitting SPS
models developed by C. Conroy et al. (2009) to SDSS
photometry data in the ugriz filters. This fitting process
involved extinction-corrected model magnitudes scaled
to match the i-band c-model magnitude. In particular,
this version, referred to as the “wide-star formation”
approach, encompasses an extended star formation
history without considering dust extinction and utilizes
an IMF from P. G. Van Dokkum (2008).

5. Mpp. StellarMassPassivePort. Stellar masses for SDSS
and BOSS galaxies were determined using the Ports-
mouth method, specifically employing the “passive
model” described by C. Maraston et al. (2009). This
approach fits passive stellar evolution models to SDSS
photometry, incorporating known redshifts. The model
assumes an instantaneous burst of star formation, with
ages determined through the fitting process and a
minimum age constraint of 3 billion years. The stellar
population is composed of 97% solar metallicity and 3%
metal-poor content by mass. A Kroupa IMF is adopted in
this method. One of the main reasons for this choice is
that the Kroupa IMF represents an intermediate option
between the heavier Salpeter IMF and the lighter
Chabrier IMF, making it a robust and widely accepted
choice for population studies.

6. Mpo3. StellarMassPCAWiscBC03. The stellar masses for
SDSS and BOSS galaxies were calculated using the
Wisconsin method and employing G. Bruzual &
S. Charlot (2003) SPS models, as described in Y. Chen
et al. (2012). A Kroupa IMF is assumed.
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7. Mp,,. StellarMassPCAWiscM11. The stellar masses for
SDSS and BOSS galaxies were obtained using the
Wisconsin  method and Maraston SPS models
(C. Maraston & G. Strombidck 2011), as described in
Y. Chen et al. (2012). A Kroupa IMF is assumed.

8. Msg. StellarMassStarFormingPort. The stellar masses
for SDSS and BOSS galaxies were calculated using the
Portsmouth method and a star-forming model. These
calculations are based on the method developed by
C. Maraston et al. (2009) and involve fitting stellar
evolution models to the SDSS photometry, taking into
account the known BOSS redshifts. These calculations
assume a Kroupa IMF.

4. Comparison of Dynamical and Stellar Mass

As discussed earlier, the estimates of dynamical and stellar
masses are subject to various biases. Specifically for
dynamical mass, A. Nigoche-Netro et al. (2022) have observed
that the most accurate calibrations for the dynamical masses of
LTGs are linked to galaxies with relatively high inclination
angles (see Section 3.2). Their research highlights the
importance of incorporating the morphology or color of these
galaxies through the use of specific variables, such as the
Sérsic index (n), concentration index, or color. Their findings
indicate that for LTGs dominated by the disk, gas should be
employed, while for LTGs dominated by the bulge, stars
should be utilized. Therefore, in this study, we consider these
findings to obtain the most accurate dynamical mass
estimations for the galaxies of our galaxy sample. That is,
according to the parameters of A. Nigoche-Netro et al. (2022),
the dynamical masses calculated through the velocity
dispersion of stars were obtained from subsamples of relatively
high n, high concentration, and red LTGs with high inclination
angles, while the dynamical masses calculated through the
velocity dispersion of gas were obtained from subsamples of
relatively low n, low concentration, and blue LTGs with high
inclination angles.

A. Nigoche-Netro et al. (2016) have shown that comparing
dynamical and stellar masses using heterogeneous samples of
ETGs, i.e., samples covering wide ranges in mass and redshift,
does not yield reliable results. This is because the difference
between dynamical and stellar mass depends systematically on
both mass and redshift. To disentangle these dependencies and
minimize spurious correlations, they analyzed the relation
between dynamical and stellar masses by constructing
subsamples in quasi-constant mass and quasi-constant redshift
intervals.

In this context, the term quasi-constant mass refers to
logarithmic mass bins of width 0.1, while quasi-constant
redshift corresponds to redshift bins of 0.01. This binning
strategy significantly reduces the so-called geometric effect
(A. Nigoche-Netro et al. 2015), which arises when broad
distributions in mass and redshift produce artificial trends in
the dynamical-to-stellar mass relation due to projection effects
in the mass—redshift plane. By working in narrow intervals of
both variables, one isolates the intrinsic behavior of galaxies at
fixed mass and redshift, allowing a cleaner investigation of
how the difference between dynamical and stellar mass
evolves with these parameters. Moreover, another strong
reason to adopt narrow redshift ranges is that, within such
intervals, sample completeness can be efficiently controlled,
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minimizing the impact of Malmquist bias (see Section 4.1 for
more details).

Applying this methodology, A. Nigoche-Netro et al. (2016)
demonstrated that the discrepancy between dynamical and
stellar masses for ETGs increases with dynamical mass but
decreases with redshift. Such trends would be partially
obscured or even misinterpreted if wide heterogeneous
samples were used without binning. For this reason, in the
present work, we also adopt the approach of analyzing galaxy
samples in quasi-constant mass and quasi-constant redshift
intervals, ensuring that our conclusions about the relation
between stellar and dynamical mass are not dominated by
geometric biases but instead reflect genuine astrophysical
dependencies.

In the present analysis, we use the procedures of
A. Nigoche-Netro et al. (2016) to analyze the relationship
between dynamical and stellar mass as a function of the
dynamical mass and redshift for the LTG samples (see
Appendices A.10(a) and A.10(b)). We will compare the seven
dynamical mass estimates with the eight stellar mass estimates,
resulting in a total of 56 combinations. This examination will
help us to determine whether the various variables and
potential biases incorporated into these mass estimations have
an impact on the outcomes related to DM.

4.1. Difference between Dynamical and Stellar Mass as a
Function of the Dynamical Mass and Redshift for the LTG
Samples

It is important to emphasize that, in order to avoid
Malmquist bias—a selection effect whereby only the brightest
objects are detected at larger distances—the comparison
between samples must be restricted to the same mass intervals,
and these intervals should correspond to ranges where the
samples are complete, i.e., where all galaxies present in the
Universe are represented. Completeness is evidenced by a
well-populated distribution of galaxies across the considered
mass and redshift ranges, a point that is crucial in the context
of our analysis, since trends observed as a function of the
redshift or dynamical mass can otherwise be artificially driven
by the sample’s incompleteness. By ensuring that the
comparisons are made within complete mass intervals, we
minimize selection effects and strengthen the reliability of the
inferred correlations between dynamical and stellar masses.
For a more detailed discussion of this point, see Section 5.6.

In Figure 4, we present a mosaic showing the behavior of
the stellar mass (Mgp) as a function of the redshift, assuming
quasi-constant dynamical mass across the seven dynamical
mass estimates. The logarithm of the dynamical mass ranges
from approximately 10.3 (lower-left part of the panels) to 11.8
(upper-right part). For a fixed dynamical mass, the stellar mass
systematically increases with redshift. Moreover, the slope of
this increase depends on the mass regime; in the high-mass
range, the stellar mass grows with redshift more gently than in
the low-mass range. We also find that red, high Sérsic index n,
and more concentrated LTGs—typically bulge-dominated—
exhibit shallower slopes (see Mks, M,s, and Mg in Figure 4),
in contrast to blue, low n, and less concentrated LTGs—
generally disk-dominated—which show steeper slopes (see
Mya and M in Figure 4). The general observed pattern
resembles that of ETGs reported by A. Nigoche-Netro et al.
(2016; see their Figure 6). In Appendix B, we display mosaics
for the other stellar mass estimates (Mnp, Mwp, Mwn, Mpp,
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Figure 4. Behavior of stellar mass (Mgp) as a function of the redshift for
quasi-constant dynamical mass. Each color and symbol represents quasi-
constant dynamical mass. The lower-left part of the graph (black dots)
corresponds to log(Mpy,/Msolar)~ 10.30, while the upper-right part of the
graph (blue triangles) corresponds to log(Mpyn/Msoiar) ~ 11.80. The
difference in log(Mpyn/Msolar) between consecutive symbols is approximately
0.5. The mean uncertainty of the log(Mgp/Msor,r) is approximately 0.062 dex.

Mpos, Mpy,, Msg). These confirm the same global trend; the
difference between dynamical and stellar mass decreases with
redshift. Therefore, the variables and possible biases discussed
in Appendix A, which were considered in the different mass
estimates, do not produce significant changes in the overall
behavior. The only exceptions arise when dynamical masses
are estimated using stars (Mks, M,s, Mis) or gas (Mg, Mxg,
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Figure 5. Difference between dynamical and stellar mass (A logMpyn—gp) = 10g(Mpyn/Msorar) - 10g(Mgp/Msolar)) as a function of the dynamical mass for the LTGs
samples. Each row corresponds to a specific estimation of dynamical mass (Mks, Mxa, Mg, Mys, Mys, Mia, Myg). Each color and symbol represents a quasi-
constant redshift. The difference in redshift between consecutive symbols is approximately 0.01. The mean uncertainty of the difference between log(Mpy,/Msolar)
and log(Mgp/Ms,a) is approximately 0.280 dex. The left column of the mosaic contains the full range of redshift, while the right column only contains three specific
redshifts: low (black dots, z ~ 0.025), intermediate (purple squares, z ~ 0.095), and high (dark green triangles, z ~ 0.165), the latter with the aim of appreciating
more clearly the differences in dynamical and stellar masses due to redshift and also to display the uncertainties for each point.

M, Mig), indicating that structural components of galaxies
are the main source of noticeable variations. Despite these
differences, the overall trend remains robust; a higher redshift
corresponds to a smaller difference between dynamical and
stellar mass.

In Figure 5, we show a mosaic of the difference between
dynamical and stellar mass (Mgp) as a function of the

10

dynamical mass, this time assuming quasi-constant redshift
across the seven dynamical mass estimates. The trend lines at
quasi-constant redshift are spaced in intervals of 0.01 in
redshift. Redshift spans from approximately 0.025 (upper-left
panels) to 0.225 (lower-right panels). The first column of the
figure displays the behavior of the mass difference as a
function of the dynamical mass at quasi-constant redshift,
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Figure 6. Mosaic of the difference between dynamical and stellar mass (A logM(pyn—gp) = 108(Mpyn/Msolar) - 10g(Mep/Msolar)) as a function of the dynamical
mass, analogous to Figure 5. In the first column, the quasi-constant redshift trend lines are spaced every 0.02 instead of 0.01, which reduces crowding and makes the
overall behavior easier to visualize. In the second column, three representative redshifts are shown: low (light green diamonds, z ~ 0.045), intermediate (magenta
triangles, z ~ 0.085), and high (brown diamonds, z ~ 0.145). These examples complement those shown in Figure 5, reinforcing the robustness of the behaviors
discussed and facilitating the identification of completeness ranges shared by the different trends.

covering the full redshift range available. To highlight the
trends more clearly, the second column shows the same
relation but restricted to three representative quasi-constant
redshifts: low (black dots, z~ 0.025), intermediate (purple
squares, z ~ 0.095), and high (dark green triangles, z ~ 0.165).
In this second column, we can see clearly that the trend lines
are systematically offset, one below the other, indicating that
at relatively low redshift the difference between dynamical and
stellar mass is larger than at higher redshift (see also Figure 6).
It also becomes evident that the evolution of the mass
difference with dynamical mass at quasi-constant redshift is

11

not the same for less massive galaxies (black dots, z ~ 0.025)
compared to more massive ones (dark green triangles,
7~ 0.165). In particular, the relation displays a saddlelike
shape at low redshift, which changes slope when moving
toward more massive galaxies and higher redshifts.

Overall, this mosaic in Figure 5 reveals a more complex
behavior than that shown in Figure 4. For bulge-dominated
LTGs (see the case of Mks, M,s, and M;s) we can see that the
vast majority of galaxies are in the relatively high dynamical
mass regime (log(Mpyn/Msolar) > 11), we can also see that at
low redshift, the mass difference declines marginally with
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dynamical mass, while at high redshift it increases with
dynamical mass, with a gradual transition between these
regimes. For disk-dominated LTGs (see the case of Mka,
Mg, My, and Mig), we can see that galaxies cover a wide
dynamical mass interval. We also see that in the relatively low
dynamical mass regime, the mass difference as a function of the
dynamical mass exhibits a saddlelike shape at low redshift (see
black dots, z~0.025). This feature evolves with redshift,
gradually flattening (see purple squares, z~ 0.095) and
eventually transforming into an almost straight line with a
steadily increasing slope (dark green triangles, z ~ 0.165). In all
cases, within the high-mass regime (log(Mpyn/Msoiar) > 11),
the behavior closely resembles that reported for ETGs by
A. Nigoche-Netro et al. (2016; see their Figure 5); in particular,
the mass difference increases as a function of the dynamical
mass and decreases as a function of the redshift. Both disk- and
bulge-dominated LTGs display the saddlelike feature, though it
is more pronounced in the disk-dominated systems. In
Appendix C, we present mosaics for the remaining stellar mass
estimates (MEN, MWD, MWNs Mpp, Mp03, Mp]l, Ms]:), which
confirm the same general trends. As before, the variables and
possible biases outlined in Appendix A do not significantly alter
the observed patterns. The only exceptions are when dynamical
masses are derived from stars (Mgs, M,s, Mis) or gas (Mga,
Mg, M5, M), reinforcing the conclusion that differences are
mainly linked to the structural components of galaxies. In
summary, while the detailed mass dependence varies between
bulge- and disk-dominated systems, the overall evolutionary
trend is consistent; at low redshift, the difference follows a
saddlelike shape, which with increasing redshift evolves into a
straight line with a progressively steeper slope.

In Figure 7, we present the distribution of dynamical mass
as a function of the redshift, with each data point representing
a galaxy. It can be observed that the different selection criteria
in mass definitions imposed on the original sample of
approximately 126,000 LTGs, as described in Sections 3.1
and 3.3, reduce the redshift range to an approximate interval of
0-0.25. Samples with information on stellar velocity
dispersion (Mks, M,s, and Mis) contain approximately 5000
LTGs, while samples with gas velocity dispersion information
(Mxa, Mg, Mis, and Mig) contain approximately 15,000
LTGs. Figure 7 unveils the Malmquist bias (see
Appendix A.5(c)) affecting our galaxy samples. This bias
becomes evident as we observe that, at greater distances, only
the most luminous and massive objects are sampled. At
relatively low redshifts (z ~ 0.025), the samples demonstrate
approximate completeness for log(Mpyn/Msor) > 10.5. Simi-
larly, at intermediate redshifts (z~ 0.095), the samples are
approximately complete for log(Mpy,/Msol,r) > 11, while at
relatively high redshifts (z ~ 0.165), the samples are approxi-
mately complete for log(Mpy, /Msop,) > 11.5. Figure 8 shows
the distribution of stellar mass as a function of the redshift,
revealing a behavior similar to that observed in Figure 7. In
fact, the completeness limit at each redshift for stellar masses
is shifted toward lower masses by approximately 1.0 dex. This
information is crucial in affirming the consistency of the trends
shown in Figure 5. In particular, the observed difference in the
dynamical and stellar mass as a function of the dynamical
mass and redshift does not appear to stem from biases in
sample completeness, because the comparisons are made
exclusively within complete mass ranges and within the ranges
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Figure 7. Dynamical mass as a function of the redshift. Each point represents
a galaxy. Each graph corresponds to a specific estimation of dynamical mass
(Mxs, Mxa, Mxs, Mys, Mis, Mia, Mip).
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Figure 8. Stellar mass as a function of the redshift. Each point represents a
galaxy. Each graph corresponds to a specific estimation of stellar mass (Mgp,
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shared by the different trend lines. A comprehensive analysis
of this point is provided in Section 5.6.

Figures 7 and 8, which display the distribution of galaxies in
the redshift-mass plane (both dynamical and stellar), provide
additional support for the need to constrain the redshift range
to relatively narrow intervals in order to ensure reliable control
over sample completeness. In particular, when broad redshift
ranges are used, relatively low-mass galaxies become
increasingly underrepresented due to the Malmquist bias,
potentially leading to systematic distortions in the results. This
consideration further strengthens the argument presented in
Section 4, emphasizing the importance of conducting
comparisons between samples within quasi-constant intervals
of mass and redshift to preserve statistical integrity and
minimize selection effects.

In Figure 6, we present a mosaic with the same structure as
Figure 5, with identical axes and panel organization. However,
in the first column of this figure, the quasi-constant-redshift
trend lines are spaced every 0.02 in redshift, instead of every
0.01 as in Figure 5. This modification reduces the crowding of
trend lines, leaving more separation between them and thus
clarifying the overall behavior. In the second column of
Figure 6, instead of the three redshifts, z ~ 0.025, z ~ 0.095,
and z~0.165, we display three alternative values that also
represent relatively low, intermediate, and high redshifts: light
green diamonds (z ~ 0.045), magenta triangles (z~ 0.085),
and brown diamonds (z ~ 0.145). These additional cases allow
us to more clearly identify the completeness ranges shared by
the different trends and further support the analysis made for
Figure 5. Taken together, Figure 6 confirms the behaviors
discussed for Figure 5, but with enhanced clarity and with
complementary examples of the evolution of the mass
difference at representative redshifts.

5. Discussion

In the preceding section, we found a dependence of the
difference between the dynamical and stellar mass of LTGs on
both the dynamical mass and the redshift. Notably, LTGs
dominated by the disk behave differently from those
dominated by the bulge, and the transition from one regime
to another seems complex. Next, we will analyze possible
biases due to mass estimations. Once the potential biases and
uncertainties associated with mass estimations are character-
ized, we will discuss the statistical significance of the observed
behaviors. Additionally, our discussion extends to the role that
the SPS models and IMF might play in the observed behavior,
considering that the SPS models might underestimate the
baryonic mass, and the IMF utilized in estimating stellar
masses might not be universally applicable.

The estimated mean uncertainties in the stellar masses for
our datasets (derived from the uncertainties provided by the
original authors) are as follows: 5% in Mgp, 3.5% in Mgy,
12% in MWDv 7% in MWN: 11% in Mpp, 38% in Mp03, 30% in
Mp,,, and 20% in Msg. For a more comprehensive under-
standing of the uncertainties associated with each stellar mass,
it is crucial to consult the references provided in Section 3.3. In
addition to these values, we also account for the systematic
uncertainty introduced by neglecting the gas component,
estimated to be at most ~10% (G. Popping et al. 2015). This
contribution, discussed in detail in Section 5.4, has been added
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in quadrature to the stellar mass errors and propagated through
all subsequent calculations.

The uncertainties in the dynamical mass were computed by
us, taking into account the SDSS uncertainties in each of the
parameters involved. Nevertheless, the primary source of
uncertainty stems from the calibration process. As described in
Section 3.2, estimating the dynamical masses of LTGs is
particularly challenging due to the significant influence of the
galaxies’ inclination angles. This section explains the
uncertainties associated with dynamical mass estimations
obtained through galaxy mass calibration. According to
A. Nigoche-Netro et al. (2022), a stronger relationship is
observed in the calibration of dynamical masses for galaxies
with higher inclination angles (i > 66°). This relationship is
primarily attributed to reduced projection effects at higher
inclinations, leading to more accurate mass estimates.
A. Nigoche-Netro et al. (2022) report that the dispersion in
calibration fits for these galaxies is approximately 0.23-0.25
on a logarithmic scale (see their Table 6), indicating the level
of uncertainty in dynamical mass estimates. In the primary
analysis of this study, we focus mainly on LTGs with
inclination angles greater than 66°, resulting in dynamical
mass estimates that could vary within this dispersion range
from the calculated value. The dispersion quantifies this
uncertainty, which can be contextualized by evaluating both
the absolute and relative uncertainties of the estimated
dynamical mass. On a linear scale, this uncertainty is
approximately 50%.

Considering all the aforementioned factors, the typical
uncertainty in the difference between dynamic and stellar mass
ranges roughly from 50% to 70%.

It is worth noting that the individual uncertainties in
dynamical and stellar mass are displayed in the various graphs
of this study only when the figures have relatively few points
and lines, and the inclusion of error bars did not impede the
visualization of the depicted behaviors.

Based on the provided information about the uncertainties,
an assessment of the differences between dynamical and stellar
masses reveals some patterns:

1. Stellar masses with significant differences. In the case of
stellar masses Mgp, Mgy, Mwp, Mwn, and Mpp,
considering all estimations of dynamical mass, the
differences between dynamical and stellar mass as a
function of the dynamical mass and redshift show clear
underlying trends (see Figures 5 and C1 ).

2. Stellar masses with mixed significance. Regarding stellar
masses Mpys, Mp;;, and Mg, it is found that when
considering dynamical masses obtained from stars, the
difference between dynamical and stellar mass exhibits
considerable dispersion and less distinct underlying
trends. However, for the dynamical masses obtained
from gas, the trends are more evident (see Figure C1).

3. Increased dispersion with higher uncertainty stellar
masses. Less accurate methods for calculating stellar
masses (Mpos3, Mpy, and Mgg) yield plots with more
fluctuations. This loss of clarity in trends is more evident
in the case of Mg.

4. Consistent general behavior. It is important to emphasize
that in all combinations of dynamical and stellar masses,
the general behavior is similar.
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In Figure 9, graphs are presented showing the difference
between dynamical and stellar mass as a function of the
dynamical mass for the seven dynamical masses and the eight
stellar masses using three different redshifts (low, medium,
and high) with the aim of observing possible differences due to
the methods used for the estimation of these masses. Here, it is
important to emphasize that the samples at low (z ~ 0.025),
medium (z~ 0.095), and high redshifts (z~ 0.165) are
approximately complete for log(Mpyy/Ms,i,) greater than
10.5, 11, and 11.5, respectively. In Figure 9, it can be observed
that the general behavior is similar in all cases, as discussed in
the previous paragraph. It is noteworthy that when dynamic
masses obtained from stars are used (see Mgs, M5, and Mjs),
there is a relatively high dispersion among the estimations of
the different stellar masses, and this dispersion is similar at
different redshifts. In the case of dynamical masses obtained
using gas (see Mxa, Mxg, Mia, and Myg), it is observed that at
low redshift, the dispersion is relatively lower than at medium
and high redshifts. However, it is also important to mention
that the dispersion in the difference between dynamical and
stellar mass due to different estimations of stellar mass is on
the order of or smaller than the associated uncertainties (except
for Mg), so that these differences due to the methods used for
the estimation of the stellar mass are not significant. It can be
seen that the stellar mass Mg significantly deviates from the
rest of the stellar masses. Figure 9 does not include error bars,
since the trend lines of the different stellar mass estimation
methods (eight in total) are very close to each other, and
adding error bars would increase the crowding of the plots. To
address this, we include Figure 10, where only three particular
trend lines are shown (the cases of Mgp, Mgn, and Mpp),
allowing error bars to be displayed more clearly without
overlapping with a dense set of curves.

5.1. The Impact of a Constant IMF Assumption on DM
Estimates in LTGs

As we have seen previously (see also Appendix A.3), the
IMF is a fundamental concept that describes the distribution of
stellar masses at birth. It is often assumed to be universal and
constant. However, the implications of this assumption,
especially for DM estimates in LTGs, warrant closer
examination.

5.2. Some Effects of a Constant IMF Assumption:

1. Systematic uncertainties. A constant IMF assumption
can introduce systematic uncertainties in DM estimates.
If the actual IMF varies within a galaxy or between
galaxies due to different variables, the derived DM and
total masses may be biased.

2. Impact on the baryonic Tully—Fisher relation. The
baryonic Tully—Fisher relation, which relates the
baryonic mass of a galaxy to its rotation velocity, is
sensitive to the assumed IMF. Errors in the IMF can lead
to scatter in this relation and affect our understanding of
the coevolution of baryons and DM.

3. Implications for galaxy formation models. The IMF
plays a crucial role in galaxy formation models. A
constant IMF assumption can limit our ability to
accurately model the processes of star formation and
feedback, which are essential for understanding the
distribution of DM in galaxies.
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— log(Msuetiar/Msolar)) as a function of the dynamical mass for the

LTGs samples and three particular redshifts (low, medium, and high). Each row corresponds to a specific estimation of dynamical mass (Mgs, Mxa, Mxg, M,s, Mis,
M5, Myg). Each color and symbol represents a specific stellar mass. The mean uncertainty of the difference between log(Mpyn /Msolar) and log(Mseljar/ Msolar) 18
approximately 0.280, 0.279, 0.285, 0.281, 0.284, 0.331, 0.312, and 0.294 dex for Mgp, Mgn, Mwp, Mwn, Mpp, Mpo3, Mp11, and Mg, respectively. The samples at
low (z ~ 0.025), medium (z ~ 0.095), and high redshifts (z ~ 0.165) are approximately complete for log(Mpyn/Msolar) greater than 10.5, 11, and 11.5, respectively.
<N> is the average number of galaxies in the different samples considered.
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5.3. Evidence for a Variable IMF

While a universal IMF is a convenient assumption, there is
growing evidence to suggest that it may not be universally
valid. Some studies have explored the impact of a variable
IMF on galaxies using detailed dynamical modeling and
simulations. For instance, C. M. Baugh et al. (2005)
investigated the effects of varying the IMF on the Tully—
Fisher relation and found that a top-heavy (higher proportion
of massive stars) IMF could alleviate some of the tension
between observations and theoretical models. M. Cappellari
et al. (2012) and A. A. Dutton et al. (2013) claim that the IMF
is not universal, but rather it depends on the stellar mass of the
galaxy. In a more recent study, C. Barber et al. (2018) delve
into hydrodynamical simulations showing how the IMF
changes in galaxies, taking into account elements like velocity
dispersion and its effects on galaxy formation and evolution.

5.4. Missing Baryonic Mass in LTGs Masses Derived
from SPS

SPS models provide valuable estimates of stellar masses in
galaxies, but they could underestimate baryonic matter (see
Appendix A.6(e)). While SPS models primarily account for
the light emitted by stars, they typically do not directly
consider:

1. Neutral and ionized gas. These components could
constitute a substantial fraction of a galaxy’s baryonic
mass, especially in star-forming regions.

2. Stellar remnants. White dwarfs, neutron stars, and black
holes represent the end products of stellar evolution and
contribute to the total baryonic mass.

3. Dust. Dust grains absorb and reemit stellar radiation,
affecting the observed SED and potentially leading to
underestimates of baryonic mass.

4. Other possible types of baryonic matter, such as compact
halo objects, may count toward the total baryonic mass
of a galaxy.

Consequently, the difference between dynamical and stellar
mass likely arises from a combination of factors, including
unaccounted baryonic components, possible IMF variations, and
the presence of DM. In our estimates, gaseous components are
not included; their addition would partially alleviate the mass
discrepancy and lower the inferred amount of DM. However,
obtaining reliable gas masses on a galaxy-by-galaxy basis is not
feasible for a sample of over 120,000 objects. Although
empirical scaling relations (e.g., G. Popping et al. 2015;
B. Catinella et al. 2018) provide an alternative, they suffer from
large intrinsic scatter (0.2-0.4 dex or more) and depend on
observables such as UV-optical colors, morphology, disk
scalelength, or SFRs, which are not consistently available in
our dataset. Applying such relations individually would therefore
introduce systematic biases that compromise the statistical
robustness of our analysis. On the other hand, previous works
show that relatively massive and relatively low redshift galaxies
are predominantly dominated by their stellar component,
particularly G. Popping et al. 2015 show that galaxies with
log(Mseliar/Msolar) > 10 at 7<0.3 typically contain only
5-10% of gas mass compared to stellar mass (see their Figure
6), a fraction far smaller than the scale of the mass discrepancies
reported here. Since the vast majority of our galaxies fall within
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this mass and redshift range, neglecting the gas component is
unlikely to significantly affect our conclusions. Within this
context, the inferred amount of DM should be regarded as an
upper limit, directly tied to the accuracy of the baryonic mass
estimates. Moreover, the omission of the gas mass can be
considered as an additional source of uncertainty in the stellar
mass and mass difference. Based on G. Popping et al. 2015, this
uncertainty is at most ~10%, which in logarithmic scale
corresponds to ~0.04 dex; this systematic has been added in
quadrature to our error estimates and is included in all
calculations and figures where relevant.

Given the absence of a definitive model for the IMF’s
variation with the previously mentioned variables and the
challenge in measuring the quantity of weak and nonluminous
baryonic matter, in this work, we have considered stellar mass
obtained using SPS with constant IMFs (see Section 3.3) as an
approximation of baryonic mass. A more in-depth exploration
of IMF variations and the quantification of weak and
nonluminous baryonic mass is beyond the scope of this work.

Finally, the environment, mainly represented by galaxy
density and demographics, could impact the presence and
quantity of DM within LTGs (see Appendix A.10(c)). Given
the extensive analysis required to explore the potential
influence of the environment on LTGs, a forthcoming article
will be entirely dedicated to exploring this subject.

5.5. Comparison with Results from the Literature

Although directly comparable works are limited, several
studies provide useful context for our analysis. Below, we
summarize the most relevant findings.

A. Nigoche-Netro et al. (2016) analyzed the relation
between dynamical and stellar masses in ETGs using SDSS
DRO. Their sample of 19,000-98,000 ETGs was modeled
under Newtonian dynamics with different light profiles and
constant IMFs. They reported that the difference between
dynamical and stellar mass increases with dynamical mass but
decreases with redshift, a trend consistent with contributions
from DM, a nonuniversal IMF, or both. These findings suggest
that ETG evolution is tightly connected to the interplay
between stellar and DM components.

S. Ghosh et al. (2016) studied the role of DM halos in
shaping global spiral modes in galaxies. They found that in
low-surface-brightness (LSB) galaxies, DM accounts for up to
~90% of the total mass within the optical disk, dominating
even the inner region. The “inner region” typically refers to
radii of approximately a few kiloparsecs from the galactic
center, generally within the range of 1 to 4 kpc, where the
contributions of the bulge and the disk are most significant in
the galaxy’s dynamics. In contrast, in high-surface-brightness
(HSB) systems such as the Milky Way, stellar mass plays a
more prominent role in the center, while DM dominates at
larger radii. These results indicate that LSBs, stabilized by
their high DM content, tend to suppress small-scale structures,
whereas HSBs preserve more complex features due to a more
balanced mass distribution.

R. Genzel et al. (2017) investigated the dynamics of baryon-
dominated massive disk galaxies at z~2, showing that
baryons played a stronger role in galaxy assembly in the early
Universe. Their results indicate that high gas fractions and
large velocity dispersions led to decreasing rotation curves
with radius. This suggests that baryons efficiently condensed at
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Table 4
Summary of the Main Properties of the Galaxy Samples Analyzed in the Referenced Studies and in This Work

Author Sample Size z log(Msteitar/ Msolar) Morphological Type
A. Nigoche-Netro et al. (2016; O) 19,000-98,000 galaxies 0.00-0.35 9.00-12.00 ETGs
S. Ghosh et al. (2016; A) Two different models 0.00-0.01 9.25-10.80 LSBs and HSBs galaxies
R. Genzel et al. (2017; O) Six galaxies 0.9-24 10.60-11.10 Massive SFGs
N. M. Forster Schreiber & S. Wuyts (2020; O/S) 1-3 9.00-11.50 SFGs
D. Sorini et al. (2025; S) ~100,000 halos 0-7 Dwarf galaxies
to superclusters
G. Sharma et al. (2025; O) 263 galaxies 0.6-2.5 8.30-11.70 Disk- galaxies
L. Scholz-Diaz et al. (2024; O) 260 galaxies 0.005-0.029 9.00-11.75 Ellipticals to late-type
spiral galaxies
This work (O) ~126,000 galaxies 0.00-0.35 9.00-12.00 LTGs

Notes. The columns list the sample size, redshift range (z), stellar mass range (10g(Mstejiar/Msolar)), and morphological type. Type of Study: O: Observations; A:

Analytical /Theoretical; S: Simulations.

halo centers in the early Universe, triggering rapid star
formation and structural evolution.

N. M. Forster Schreiber & S. Wuyts (2020) present a
comprehensive review of galaxy evolution, focusing on the
physical processes that shape galaxies during the epoch of peak
star formation, commonly referred to as “cosmic noon” (z ~ 2).
The study examines star-forming galaxies (SFGs) in this era,
highlighting the emergence of scaling relations among key
properties such as kinematics, structure, star formation, and
feedback mechanisms. Particular emphasis is placed on internal
drivers of evolution—including gravitational instabilities,
secular processes, and baryon cycling—which play a central
role in regulating galaxy growth. The review also notes that
massive galaxies at z ~ 2 frequently host dense cores and active
galactic nuclei, both of which are likely contributors to star
formation quenching. Notably, the stellar mass function exhibits
minimal evolution in its characteristic mass from z~ 2 to the
present, suggesting a degree of stability in the mass scale at
which galaxies transition in their evolutionary pathways.

D. Sorini et al. (2025) explored the concentration—mass
relation of DM halos using both hydrodynamical and DM-only
simulations across the mass range 10°°-10">° M. and
redshifts 0 <z<7. They found that baryonic effects
significantly enhance halo concentrations at high redshift
through adiabatic contraction, while feedback processes tend
to reduce concentrations in lower-mass halos at later times.
Although their analysis does not explicitly classify halos by
environment or galaxy morphology, it spans a wide range of
halo masses—from dwarf-galaxy scales to massive clusters—
and focuses on internal structural properties rather than
environmental interactions. Therefore, while a direct compar-
ison with our galaxy sample is not straightforward, their results
are referenced here to contextualize the general influence of
baryons on halo evolution.

L. Scholz-Diaz et al. (2024), through dynamical modeling of
CALIFA galaxies, demonstrated that galaxy properties such as
age, metallicity, angular momentum, SFR, and morphology
correlate with both stellar and halo mass. At fixed stellar mass,
higher halo mass is associated with younger ages, lower
metallicities, higher rotational support, and later morphologies,
reinforcing the importance of halo mass in regulating baryonic
evolution.

G. Sharma et al. (2025) analyzed 263 star-forming disklike
galaxies up to z~ 2.5 using KMOS®°, KGES, and KROSS

18

data. They found that the DM fraction increases with radius
and decreases with redshift, although it consistently remains
above 50% within the effective radius. Their results suggest
that galaxies at high redshift are more baryon-dominated
compared to local systems, in line with R. Genzel et al. (2017).

Table 4 summarizes the key characteristics of the samples in
the cited works and in this study, including the number of
galaxies, redshift range, stellar mass range, and morphological
type. The following points highlight similarities and differ-
ences with our results:

1. Sample size and galaxy type.S. Ghosh et al. (2016),
R. Genzel et al. (2017), N. M. Forster Schreiber &
S. Wuyts (2020), G. Sharma et al. (2025), and
L. Scholz-Diaz et al. (2024) conducted analyses on
relatively small samples of galaxies, each targeting
distinct populations such as LSBs and HSBs, massive
high-redshift disks, SFGs, and late-type systems. In
contrast, A. Nigoche-Netro et al. (2016) examined a
substantially larger sample of ETGs, ranging from
19,000 to 98,000 objects drawn from SDSS DRO. Our
study builds on this scale by focusing on a robust sample
of ~126,000 LTGs from SDSS DRI16, with subsamples
of 5000-15,000 galaxies used for specific analyses.

2. Mass discrepancies. Both A. Nigoche-Netro et al. (2016)
and the present study identify systematic differences
between dynamical and stellar mass estimates, which
may reflect the influence of DM and/or variations in the
IMF. Notably, our findings indicate that the dynamical
mass dependence of these differences varies between
bulge- and disk-dominated systems, exhibiting a smooth
transition across morphological regimes. In a complemen-
tary context, G. Sharma et al. (2025) found that DM
fractions tend to increase with galactocentric radius but
decrease with redshift. Similarly, S. Ghosh et al. (2016)
reported that the degree of DM dominance varies
significantly between LSBs and HSBs, highlighting the
role of structural properties in shaping the DM distribution.

3. Redshift dependence. Our finding that mass discrepan-
cies decrease with redshift is consistent with
A. Nigoche-Netro et al. (2016) and G. Sharma et al.
(2025), as well as with R. Genzel et al. (2017), who
argue that early-Universe galaxies were more baryon-
dominated. D. Sorini et al. (2025) further show that
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baryonic effects significantly influence halo concentra-
tions at high redshift.

4. Evolutionary implications. A. Nigoche-Netro et al.
(2016) and the present work suggest that the evolution
of galaxies is closely linked to the interplay between DM
and stellar mass, with implications for galaxy formation
and evolution. This aligns with the broader evolutionary
perspectives found in R. Genzel et al. (2017), G. Sharma
et al. (2025), and D. Sorini et al. (2025).

These results suggest that the most distant galaxies, that is,
those with a relatively higher redshift, tend to be more baryon-
dominated, meaning they have a greater proportion of baryonic
matter compared to DM. This phenomenon could be explained
by several factors:

1. Baryon Condensation. In the early Universe, galaxies
were richer in gas and more compact. This allowed baryons to
efficiently condense at the center of DM halos, resulting in a
greater dominance of baryonic matter in the inner regions of
galaxies.

2. Lower DM Concentration. At higher redshifts, DM halos
may not be as concentrated as in the local Universe. This
means that DM could be distributed differently, contributing to
the fact that forming galaxies in the past were less influenced
by DM in their dynamics.

3. Effects of Gas Dynamics. Galaxies in the early Universe
experience a high gas flow, which can lead to dynamic
interactions that allow gas to accumulate at the center of the
galaxy, reducing the influence of DM on the observed dynamics.

It is important to note that our findings go beyond the results
discussed in the previous paragraphs, as we found that the
difference between total (dynamical) and stellar mass depends
complexly on both total mass and redshift. This nuanced
dependence underscores that the evolution of galaxies within
the nearby Universe differs for galaxies dominated by the disk
and those dominated by the bulge. Moreover, our results
indicate that the evolution is not separated, but rather there is a
continuous transition from one regime to another. These
results imply that the role of DM in galaxy formation and
evolution is more complex than previously thought and has
implications for the formation and evolution models of
galaxies, suggesting that they may need to account for a more
fluid transition between different morphological types.

5.6. Completeness of Quasi-constant Mass and Redshift Bins,
and Comparison with Two Local Group Galaxies

To ensure that comparisons across masses and redshifts are
meaningful, all trends presented in this work are computed
using quasi-constant dynamical mass bins (A log(Mpy,) = 0.1
dex) and quasi-constant redshift bins (Az=0.01). It is very
important to emphasize that a range is a relatively broad
interval of data, while a bin is a smaller, more specific
subdivision within that range.

Two primary methods exist for assessing sample complete-
ness. The first option would involve plotting the distribution
(histograms) of stellar masses within each of the 21 redshift
bins (z) analyzed in Figure 5 and its equivalents. However, this
approach is unfeasible due to the massive volume of plots it
would generate; considering the seven dynamical mass
estimates and eight stellar mass estimates, the result totals
1176 histograms. This volume of figures is neither practical
nor efficient for a scientific paper. The alternative method,
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adopted in this study and presented in Figures 7 and 8, focuses
on showing the distribution of galaxies in the plane of
dynamical mass versus redshift. This visualization offers a
compact and exceptionally clear representation of the trend;
low-mass galaxies are progressively absent at higher redshifts.
This tendency, which defines the Malmquist bias, is captured
efficiently with just two figures, making it a superior method to
the excessive use of histograms. Nevertheless, for the purpose
of direct visualization and as a reference for the internal
distribution, a specific set of histograms is included in
Appendix A (Figure Al) for the case of dynamical mass
My, combined with stellar mass Mgp.

In Figures 7 and 8, we identify regions in this plane that are
well-populated, meaning that the survey includes all galaxies
that exist in that simultaneous interval of mass and redshift. A
quasi-constant bin is considered complete when the survey
contains all galaxies that can exist in that mass—redshift
window. Importantly, completeness does not imply equal point
density across bins; differences in point density could reflect
intrinsic physical properties of the Universe (e.g., comoving
volume, large-scale structure).

To further clarify how we controlled the Malmquist bias, we
have added three figures to Appendix A (Figures A5-A7).
These figures were extracted from the last row of Figure 7 and
visually outline our binning strategy in dynamical mass and
redshift. They show the distribution of dynamical mass as a
function of the redshift, and illustrate: the quasi-constant
redshift bin for three different redshifts, including the full
available mass range for each redshift bin (Figure A5); the
overlapping mass range for these three quasi-constant redshifts
(Figure A6); and, finally, a specific quasi-constant bin of
dynamical mass at three quasi-constant redshifts (Figure A7).
The color code is the same as in Figures 6 and A3, namely
light green for z = 0.045, magenta for z = 0.085, and brown
for z = 0.145. These figures illustrate two key zones:

Zone 1: The region dominated by Malmquist bias, where
lower-mass galaxies become progressively undetected at
higher redshifts.

Zone 2: The region where the survey can detect galaxies.

Our comparative analysis of galaxy properties is intention-
ally restricted to Zone 2, and only in the overlapping mass
range where the survey can detect galaxies across the different
redshift bins. This ensures a “fair comparison” by using only
the data that is robustly available at all considered redshifts.

When comparing bins of the same dynamical mass (e.g., bin
centered at log(Mpy,) = 11.5, width 0.1) at different redshifts
(e.g., bin centered at z = 0.045 width 0.01, bin centered at
z = 0.085 width 0.01 and bin centered at z = 0.145 width 0.01),
only the overlapping mass interval is viable for analysis (see
Figures A6—-A7). This procedure can also be seen in Figures A2
and A3 (using the same convention as in Figures 5 and 6), where
the overlapping mass ranges for some specific redshifts are
limited with orange lines. In these ranges, the higher-z trend lies
below the lower-z trend, implying that galaxies of the same
dynamical mass present less difference in dynamical and stellar
mass at higher redshifts. This same behavior can be observed
systematically in consecutive redshift trends, implying that
galaxies of the same dynamical mass present less difference in
dynamical and stellar mass at higher redshifts.

We must note that the distribution within the overlapping mass
bins is not uniform (e.g., see Figure A4). Figure A4 presents the
frequency distribution of galaxies across quasi-constant
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dynamical mass bins at three different quasi-constant redshifts;
the orange bars represent the limits of the overlapping dynamical
mass ranges. These distributions are derived from the same data
as in the second column of Figures 6 and A3, and they share the
same color coding for consistency. If the observed differences in
galaxy density were totally due to the Malquist effect, we would
expect the number of galaxies to decrease with redshift.
However, this is not the case. For example, if we observe in
Figure A4 the number of galaxies for a dynamical mass
log(Mpy,) = 11.5, the quantity is small at z = 0.045, increases at
z7=0.085, and then decreases again at z = 0.145. Our analysis of
specific, quasi-constant-mass (e.g., log(Mpy,) = 11.5) and quasi-
constant redshift bins (z = 0.045, z = 0.085, z = 0.145), as
shown in Figure A7, confirms a nonuniform distribution that
cannot be totally explained by Malmquist bias. The fundamental
reasoning is: if a galaxy of a given mass is detectable at a
relatively higher redshift (z=0.145), it is unquestionably
detectable at a lower redshift (z = 0.045). Therefore, a deficiency
of such galaxies at lower redshifts is unlikely to be a selection
effect and is more plausibly due to intrinsic galaxy evolution or
another, yet unidentified, bias.

While we have thoroughly controlled for all known biases,
as discussed in Section 3 and Appendix A, we acknowledge
the possible presence of an unknown systematic effect that
could subtly influence our results. We emphasize that all biases
currently recognized in the literature and within our analysis
framework have been carefully addressed. Nevertheless, we
remain open to the possibility of additional, as yet unidentified,
sources of systematic uncertainty. We are committed to
investigating this further in future work by analyzing surveys
with a broader range of completeness, noting that incorporat-
ing and analyzing such additional datasets lies beyond the
scope of the present paper.

On the other hand, the large uncertainties affecting our data
do not erase this systematic behavior; this affirmation can be
supported following A. Nigoche-Netro et al. (2009). In
Appendix A of that paper, they showed, using bootstrap
resampling and hypothesis testing, that even when uncertain-
ties are comparable to a particular trend amplitude, the
monotonic trend remains statistically significant.

Finally, we calculated the logarithmic dynamical-to-baryonic
mass difference for the Milky Way and Andromeda (M31) inside
their optical radii, obtaining Alog(Mymw) = 0.54 4+ 0.15 dex
and Alog(My;31) = 0.53 4+ 0.15 dex. The detailed calculation
of these parameters is presented in Appendix A (Appendix A.12).
The positions of these two Local Group galaxies in Figures A2
and A3 (blue dot for the Milky Way and red dot for Andromeda)
fall within the trends obtained in this work for galaxies of
comparable dynamical mass and redshift. The results show that
the DM inside the optical radius of both galaxies is greater than
that observed for galaxies of similar mass at high redshift. This
finding reinforces that our methodology and conclusions
regarding the mass difference at higher redshifts are consistent
with well-characterized nearby galaxies.

6. Conclusions

In this study, we utilize a sample of approximately 126,000
LTGs from the SDSS DR16, spanning the redshift range of
approximately 0.00 < z < 0.35 and dynamical mass range of
95 < log(MDyn/MS(,lar) < 12.5. We conduct a comparison
between the stellar mass and the dynamical mass, considering
eight stellar mass estimates obtained through different
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population synthesis models and different IMFs. Additionally,
we consider seven dynamical mass estimates based on
Newtonian dynamics, virial equilibrium, different components
(gas, stars), and several variables that may impact the
estimation of dynamical mass (galactic inclination angle,
color, concentration index, scale factor K, Sérsic index). The
calibration of dynamical masses was performed following the
methodology outlined by A. Nigoche-Netro et al. (2022). The
analysis has yielded the following results:

1. The difference between dynamical and stellar mass
appears to depend on both mass and redshift.

2. The difference between dynamical and stellar mass, in
general, appears to decrease as redshift rises (see
Figure 4 and the figures in Appendix B). This behavior
is similar when considering different variables in the
dynamical mass (LTGs dominated by the disk or by the
bulge) and stellar mass (different population synthesis
models, different IMF) estimates. However, this
behavior appears to be more pronounced for those LTGs
dominated by the disk.

3. The difference between dynamical and stellar mass can
range from nearly zero to approximately 95% of the
dynamical mass, depending on dynamical mass and
redshift (see Figure 5).

4. The behavior of the difference between dynamical and
stellar mass as a function of the dynamical mass and
redshift reveals a complex pattern (see Figure 5 and
figures in Appendix C). At low dynamical mass and low
redshift, the difference is relatively large and tends to
decrease as dynamical mass increases, producing a
saddlelike shape. This saddle is more pronounced in
disk-dominated LTGs, though it is also present in bulge-
dominated systems. As redshift increases, this saddlelike
behavior gradually transitions into a steeper, more linear
trend, where the mass difference increases with
dynamical mass. In the high-mass and high-redshift
regime, the relation approximates a straight line with
positive slope, resembling the trend reported for ETGs
by A. Nigoche-Netro et al. (2016). In this regime, the
mass difference grows with dynamical mass, while
overall decreasing with redshift.

5. Since the current study estimates stellar masses using SPS
models with fixed IMFs, any discrepancy between dyna-
mical and stellar mass may arise from the assumption of a
constant IMF, potential underestimations of the baryonic
content, and/or the contribution of DM. This implies that
the inferred amount of DM is sensitive to how the IMF and
SPS models influence the stellar mass calculation.
Although SPS-based stellar mass estimates do not
explicitly account for the gas component, previous
studies—such as G. Popping et al. (2015)—have shown
that galaxies with log(Mseiar/Msorar) > 10 at 7 < 0.3 are
predominantly dominated by their stellar component.
Given that the majority of galaxies in our sample fall
within this mass and redshift regime, the exclusion of the
gas component is not expected to significantly impact our
conclusions.

Our general results suggest that galaxies at relatively higher
redshifts appear to be more baryon-dominated, with a greater
proportion of baryonic matter compared to DM. This can be
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attributed to factors such as efficient baryon condensation in
the compact, gas-rich galaxies of the relatively early Universe,
less concentrated DM halos at higher redshifts, and dynamic
gas flows that accumulate baryons at galaxy centers, reducing
the influence of DM on their dynamics. The good agreement
between the results for the Milky Way and Andromeda and the
general trends validates our approach, demonstrating the
coherence of our methodology and conclusions when
compared with these well-characterized nearby galaxies.

Moreover, our results suggest that the evolution of galaxies
within the nearby Universe depends on whether the galaxy is
dominated by the disk or dominated by the bulge. Nonetheless,
rather than being distinct, the evolution exhibits a continuous
transition from one regime to another.

In conclusion, the implications of this research extend
beyond individual galaxies, offering a broader perspective on
the nearby Universe and the role of DM in shaping the
Universe’s structure and evolution.

These findings indicate that the influence of DM in galaxy
formation and evolution is more complex than previously
understood. They suggest that models of galaxy formation and
evolution may need to incorporate a more seamless transition
between different morphological types.

However, while our methodology utilizes narrow dynamical
mass bins (A log Mpy, =0.1 dex) and narrow redshift bins (A
z=0.01) to compare galaxies of similar mass across different
epochs, Figures 7 and 8 show that the sample at higher redshifts
lacks sufficient representation in the lower-mass bins. Conse-
quently, at the highest redshifts, our comparisons effectively
involve higher-mass systems. This limitation should be borne in
mind when interpreting any evolution, or lack thereof, in the
derived quantities. We identify the use of surveys with more
extensive completeness ranges as a crucial next step, and we
commit to this line of inquiry in future work, noting that such an
analysis exceeds the boundaries of the current study.
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Appendix A
Variables, Biases, and Corrections in the Estimation of
Dynamical, Stellar, and DM in Galaxies

The estimation of dynamical and stellar masses is a
fundamental aspect of our analysis of LTGs. In this appendix,
we provide a comprehensive compilation of the variables,
corrections, and potential biases affecting the estimation of
dynamical, stellar, and dark matter. Here, we also include
figures and tables that provide additional context for the results
discussed in the main body of the article (see Figures A1-A7
and Table Al).
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Estimation of the dynamical and stellar masses of LTGs is a
fundamental aspect of our analysis. Below, we provide a
comprehensive compilation of the variables, corrections, and
potential biases that may affect dynamical, stellar, and DM
estimations:

A.l. Stellar or Gas Velocity Dispersion (c): Used to Estimate
the Dynamical Mass through the Virial Relation (See
Equation (4))

Biases:

(a) Inclination angle. The orientation of the galaxy relative
to the observer can affect the measurement of o.

(b) Stellar and nonstellar (gas) components. o may be
influenced by the presence of stellar and nonstellar
components. This bias is linked to the galaxies’ structure,
color, and morphological characteristics.

(c) Spectral lines. It is possible to measure o using different
spectral lines, and the choice of lines could affect the
mass estimate.

(d) Aperture correction. In spectroscopy, observations are
often made through limited apertures, which may not
represent the entire galaxy, potentially biasing o
measurement and, consequently, the dynamical mass.

A.2. Effective Radius (t.): Represents the Radius within Which
Half of the Galaxy’s Total Light is Contained. Utilized for
Calculating the Dynamic Mass via the Virial Relation (See

Equation (4))

Biases:

(a) Visual conditions (seeing) during observations. This
factor refers to the blurring and distortion of astronom-
ical objects caused by turbulence in Earth’s atmosphere.
Any inaccuracies in the correction of visual conditions
during observations could skew the measured effective
radius.

(b) Cosmological correction. This factor ensures that the
sizes of galaxies are measured in a way that accurately
reflects their intrinsic properties, free from observational
biases introduced by redshift. Any inaccuracies in the
cosmological correction may bias the measured effective
radius.

(c) Extinction correction. This factor refers to the process of
adjusting observed astronomical data to account for the
absorption and scattering of light by dust and gas, both
within the observed galaxy and in the Milky Way.
Inaccuracies in the extinction correction can lead to a
skewed measurement of the effective radius.

(d) Inclination angle. The orientation of the galaxy relative to
the observer can affect measurements of the effective radius.

A.3. IMF': Determines How Stellar Masses Are Distributed at
the Time of Their Formation

Biases:

(a) Different choices of IMF (e.g., Chabrier, Salpeter) can
lead to significant differences in the estimated stellar mass.

(b) Dependencies of the IMF on several variables (e.g.,
velocity dispersion, mass) may result in substantial variations
in the calculated stellar mass.
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Figure Al. Frequency distributions of log(Mka/Msol.r) at different quasi-constant redshifts, illustrating the Malmquist bias. Data are taken from column (1), row 2
of Figure 5.
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Figure A2. Difference between dynamical and stellar mass (1ogMpyn—Ep) = 10g(Mpyn/Msolar) — 10g(Mgp/Msolar)) as a function of the dynamical mass for the LTGs
samples. Each row corresponds to a specific estimation of dynamical mass (Mxs, Mxa, Mxg, Mys, Mis, Mia, Mip). Each color and symbol represents a quasi-
constant redshift. The difference in redshift between consecutive symbols is approximately 0.01. The mean uncertainty of the difference between log(Mpyn/Msolar)
and log(Mgp/Ms,.) is approximately 0.243 dex. The left column of the mosaic contains the full range of redshift, while the right column only contains three specific
redshifts: low (black circles, z ~ 0.025), intermediate (purple squares, z ~ 0.095), and high (dark green triangles, z ~ 0.165), the latter with the aim of appreciating
more clearly the differences in dynamical and stellar masses due to redshift and also to display the uncertainties for each point. The blue circle represents the Milky
Way, and the red circle represents the Andromeda galaxy. The orange bars represent the boundaries of the quasi-constant mass bins shared by the z = 0.095 and
z = 0.165 redshift samples.
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Figure A3. Mosaic of the difference between dynamical and stellar mass (IogM(pyn—ep) = 10g(Mpyn/Msolar) —10g(Mep/Msoiar)) as a function of the dynamical mass,
analogous to Figure 5. Each row corresponds to a specific estimation of dynamical mass (Mks, Mxa, Mgg, Mys, Mis, Mia, Mig). In the first column, the quasi-
constant redshift trend lines are spaced every 0.02 instead of 0.01, which reduces crowding and makes the overall behavior easier to visualize. In the second column,
three representative redshifts are shown: low (light green diamonds, z ~ 0.045), intermediate (magenta triangles, z ~ 0.085), and high (brown diamonds, z ~ 0.145).
These examples complement those shown in Figure 5, reinforcing the robustness of the behaviors discussed and facilitating the identification of completeness ranges
shared by the different trends. The blue circle represents the Milky Way, and the red circle represents the Andromeda galaxy. The orange bars represent the
boundaries of the quasi-constant mass bins shared by the z = 0.085 and z = 0.145 redshift samples.
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Figure Ad4. Frequency distributions of log(Mpyn/Ms,.r) at three quasi-constant redshifts. Each row corresponds to a specific estimation of dynamical mass (Mks,
My, Mgy, M5, Mis, Mia, Mip). These histograms are derived from the same data as in the second column of Figure 6 and share the same color scheme for
consistency. They show galaxy counts within quasi-constant dynamical mass bins at z = 0.045 (light green), 0.085 (magenta), and 0.145 ( brown). The orange bars
mark the boundaries of the mass range common to the z = 0.085 and z = 0.145 samples, matching the representation in the second column of Figure A3.

A.4. Color Indices: Used to Infer the Stellar Population and
the Age of the Galaxy

Biases:

(a) Dust extinction affects color indices, which can lead to

errors in the estimation of stellar mass.

(b) Metallicity influences color indices, potentially causing

inaccuracies in the stellar mass estimation.

A.5. Redshift (z): Affects Both Photometric and Spectroscopic
Observations

Biases:

(a) K-correction. When observing galaxies at varying distances,
the Universe’s expansion causes a shift of their light to longer
wavelengths, affecting the observed colors and magnitudes.
Accurate implementation of the K-correction is essential.
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magenta for z = 0.085, and brown for z = 0.145 (the color scheme is consistent with Figures 6 and A3). Two key regions are indicated: Zone 1: the region dominated
by Malmquist bias, where lower-mass galaxies become progressively undetectable at higher redshifts. Zone 2: the region where the survey is sensitive enough to

detect galaxies.
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Figure A6. Distribution of dynamical mass (log(Mig/Mso.r)) as a function of the redshift. Extracted from the last row of Figure 7, this panel visually outlines our
binning strategy in dynamical mass and redshift. It illustrates the overlapping mass range for three quasi-constan redshifts: light green for z = 0.045, magenta for
z = 0.085, and brown for z = 0.145 (the color scheme is consistent with Figures 6 and A3). Two key regions are indicated: Zone 1: the region dominated by
Malmquist bias, where lower-mass galaxies become progressively undetectable at higher redshifts. Zone 2: the region where the survey is sensitive enough to detect

galaxies.

(b) Cosmological dimming. This factor is a result of the
Universe’s expansion, making distant objects seem dimmer
than if the Universe remained static. It is essential to correctly
account for cosmological dimming.

(c) Malmquist bias. This bias occurs because, at greater
distances, we are more likely to observe intrinsically brighter
objects, while fainter objects may fall below the detection
limit of surveys. It is essential to accurately consider
Malmquist bias.
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A.6. Stellar Population Models: Used to Convert Observed
Luminosity of the Stars into Stellar Mass

Biases:

(a) Models using different IMFs can produce variations in
stellar mass. This bias is related to A.3(a).

(b) Models using different metallicity can lead to differences
in the stellar mass.

(c) Models with or without dust are capable of inducing
changes in stellar mass.
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Figure A7. Distribution of dynamical mass (log(Mig/Mso.r)) as a function of the redshift. Extracted from the last row of Figure 7, this panel visually outlines our
binning strategy. It highlights a specific quasi-constant dynamical mass bin (centered at log(Mig/Msolr) = 11.5, width of 0.1 dex) across three quasi-constant
redshifts: z = 0.045 (light green), z = 0.085 (magenta), and z = 0.145 (brown). The color scheme is consistent with Figures 6 and A3. Two key regions are indicated:
Zone 1: the area dominated by Malmquist bias, where lower-mass galaxies become progressively undetectable at higher redshifts. Zone 2: the region where the

survey is sensitive enough to detect galaxies.

(d) Models using different star formation histories can result
in differences in stellar mass.

(e) Models underestimate the baryonic mass of galaxies
because they do not completely account for the weak and
nonluminous baryonic matter.

A.7. Factor K (Refer to Equation (4)): Indicates Whether the

Proportion between Mass and Velocity Dispersion is Constant

Or Varies among Different Systems Or Settings, and Influences
the Calculation of the Dynamical Mass

Biases:

(a) K could be constant (M. Cappellari et al. 2006).

(b) K could depend on the Sérsic index (morphology;
M. Cappellari et al. 2006; P. Mocz et al. 2012).

(c) K could depend on the inclination angle of the galactic
plane (M. Cappellari et al. 2006; P. Mocz et al. 2012). This
bias is related to A.1(a) and A.2(d).

A.8. Magnitude (Surface Brightness): Used in Mass-to-light
Ratio and SPS Models to Estimate the Luminous and
Stellar Mass

Biases:

(a) Visual conditions (seeing) during observations (see A.2(a)).

(b) Galactic interstellar extinction (see A.2(c)).

(c) Cosmological dimming (see A.2(b)).

(d) Evolution correction. This correction in galaxies accounts
for changes in their luminosity over time due to factors such as
star formation and aging of stellar populations, allowing for
more accurate comparisons across different redshifts.

A.9. Other Biases:

(a) Sample completeness: This factor refers to the extent to
which the surveys include all galaxies within their target range
of brightness (Malmquist bias), distance, and other selection
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criteria, ensuring that the sample accurately represents the
overall galaxy population. This bias is related to A.5(c).

(b) Selection bias: Galaxy samples may be biased toward
more luminous galaxies (A.5(c)) or those with certain spectral
features (A.1(c)), affecting both dynamical and luminous (or
stellar) mass estimations.

(c) Wavelength: The use of one filter or another for the
estimation of mass-related parameters can affect the results.

A.10. Possible DM Dependencies:

(a) Dynamical or luminous (stellar) mass: The amount of
dynamical or luminous (stellar) mass could be related to the
content of DM inside galaxies.

(b) Redshift: The evolution of galaxies over cosmic time
could be related to the content of DM inside galaxies.

(c) Density of galaxies: The environment could be related to
the content of DM inside galaxies.

The previously listed factors are crucial for obtaining
accurate estimates of the dynamical, stellar, and DM of
galaxies. Proper corrections and awareness of these biases are
essential for the interpretation of astrophysical data. In the
following sections, we will address the corrections and biases
that can affect mass estimations.

A.11. Correction of Photometric and Spectroscopic Data

As we saw before, it is essential to correct both the
photometric and spectroscopic data. Below, we outline the
corrections applied following A. Nigoche-Netro et al. (2015).
At the end of each subparagraph, we indicate the section where
the variables and biases we intend to address were discussed:

1. Seeing and Extinction Corrections: We utilize seeing-
corrected parameters for the total magnitude and effective
radius, along with extinction corrections, by applying the
corresponding SDSS pipelines to the data (see D. G. York
et al. 2000; M. R. Blanton et al. 2003, and references therein).
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This paragraph considers the biases discussed in
Appendices A.2(a), A.2(c), A.8(a), and A.8(b).
2. K-correction: The values are derived using the following

formulae (A. Nigoche-Netro et al. 2008):

ke(z) = —5.26171197, (A1)
ky(z) = —1.271710%, (A2)
This paragraph considers the bias discussed in

Appendix A.5(a).

3. Cosmological Dimming Correction. According to
I. Jorgensen et al. (1995a), the effective surface brightness
(<pe>) or magnitude are adjusted by subtracting 10
log(1 + z). This paragraph considers the bias discussed in
Appendix A.8(c).

4. Evolution Correction. We apply the evolution correction
from A. Nigoche-Netro et al. (2010), which is given by:

ev(z) = +1.15z, (A3)
ev,(z) = +0.85z. (A4)
This paragraph considers the bias discussed in

Appendix A.8(d).

5. Effective Radius Correction to the Rest Reference Frame.
Following J. B. Hyde & M. Bernardi (2009), we correct color
gradients where the mean effective radius is smaller at longer
wavelengths using:

(I+2)x — A
Te,g,rest = [— (re,g,obs - re,r,obs) + Ve, r,obs»

Ag = Ar
(A5)
with A\, = 4686 A and ), = 6165 A.
This paragraph considers the bias discussed in

Appendix A.2(b).

6. Aperture Correction to Velocity Dispersion. Following
I. Jgrgensen et al. (1995b), we compute the ratio between the
SDSS velocity dispersion (ospss) and the corrected velocity
dispersion (o,), which corresponds to the velocity dispersion
within the effective radius r,, as:

2
1og(M) — 0.065 1og(r“—P) - 0.013[1og(r“—P)] ,
Ue re rﬂ
(A6)

where r,, = 1’5 for SDSS data (D. G. York et al. 2000;
M. R. Blanton et al. 2003).

This paragraph considers
Appendix A.1(d).

the bias discussed in

A.12. Logarithmic Mass Difference within the Optical Radius
of the Milky Way and Andromeda

A.12.1. Methodology

To quantify the relative contribution of baryonic and DM
components within the optical extent of spiral galaxies, we
computed the logarithmic difference between the total
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(dynamical) and baryonic (luminous) masses as

(AT)

where M, is the dynamical mass enclosed within the optical
radius Rop;, and My, is the corresponding baryonic (stellar +
gaseous) mass within the same radius.

The optical radius was defined as the radius where the B-
band surface brightness falls to 25 mag arcsec™ 2 Rop = 15kpc
for the Milky Way and R,y =25kpc for Andromeda (see
Y. Sofue 2012; A. Tamm et al. 2012; J. Bland-Hawthorn &
O. Gerhard 2016).

A.12.2. Mass Modeling

The total mass inside a radius r is given by the sum of the
baryonic and DM components:

Mo (r) = My (r) + Mpm(r). (AB)

The DM mass was computed assuming a Navarro—Frenk—
White density profile (J. F. Navarro et al. 1997):

Py
(r/r) (1 + r/r)? A9

where p, and r, are the scale density and scale radius,
respectively. The enclosed DM mass is then obtained by

integrating the profile:
X ] r
, X=—.
1+ x Ty

(A10)

p(r) =

Mpum(<r) = 47rpsrs3[ln(1 +x) —

Milky Way Parameters

For the Milky Way, we adopted the parameters derived by

M. Petac (2020) and Y. Sofue (2012).

1. Scale density: p,=0.012 M, pc;

2. Scale radius: ry= 18 kpc;

3. Total baryonic mass: My, ot = (6.0 £ 1.2) X IOIOM@V

Assuming that approximately 90% of the baryonic mass lies
within the optical radius, we take

Myu(Rop = 15kpe) = (5.4 £ 1.1) x 1019 M.,
Using Equation (A10), the enclosed DM mass within 15 kpc is

Mo (Rop) = 4m(1.2 107)(18)3[1n(1.833) - %:ig]

=(1.33 4 0.40) x 10" M.
The total dynamical mass inside this radius is
Mo (Rop) = (1.87 £ 0.55) x 10" M.

Hence, from Equation (A7):

1.87 x 10!
AlogZWMW(Ropt) = 10g]0(

X
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Table A1
Logarithmic Mass Difference within the Optical Radius for the Milky Way
and Andromeda

Galaxy Ropt Mmtul Mbar A lOg M g
(kpe) Mo) M) (dex)  (dex)

Milky Way 15 1.9 x 10" 54 x 10" 0.54 0.15

Andromeda (M31) 25 34 % 10" 1.0 x 10" 0.53 0.15

Andromeda (M31) parameters

For Andromeda, we adopt dynamical and baryonic masses
consistent with the modeling of A. Tamm et al. (2012).
A. Tamm et al. (2012) report a total stellar mass in the range
(1.0-1.5) x IO”M@ (see their Stellar mass distribution in
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Table 2 and Discussion). The observed rotation curve and
enclosed mass table (see their Table 3 and Figure 5) imply
cumulative masses of order a few 10'' M, within radii ~
20-30 kpc. Adopting
Ropt =25 kpc,
M o1 (Ropt) = (3.4 £+ 1.0) x 10 M,
Myar(Rope) = (1.0 £ 0.2) x 10! M,

we obtain

3.4 x 10

AlogM Ropt) = 1o —_—
gMi31 (Ropy) glo(l.Ox on

) = 0.53 £ 0.15 dex.
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Appendix B
Stellar Mass versus Redshift

This appendix presents a complete set of mosaics illustrating
the behavior of stellar mass as a function of redshift. These
mosaics provide supplementary evidence regarding the
physical properties of the galaxies analyzed in this study
(see Figure B1).
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Figure B1. Behavior of stellar mass (Mgy) as a function of the redshift for quasi-constant dynamical mass. Each color and symbol represents quasi-constant
dynamical mass. The lower-left part of the graph (black dots) corresponds to log(Mpyn/Msoiar)~ 10.30, while the upper-right part of the graph (blue triangles)
corresponds to log(Mpyn/Msolar)~ 11.80. The difference in log(Mpyn/Msolor) between consecutive symbols is approximately 0.5. The mean uncertainty of the
log(Mgn/Msolar) is approximately 0.055 dex.

(The complete figure set (7 images) is available in the online article.)
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Appendix C
Dynamical Mass—Stellar Mass versus Dynamical Mass

This appendix contains the complete set of mosaics for the
logarithmic mass difference between dynamical and stellar
mass (A log M) as a function of dynamical mass. These figures
demonstrate the consistency of the observed evolutionary
trends across different mass estimation models (see

Figure C1).
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Figure C1. Difference between dynamical and stellar mass (Mgy) as a function of the dynamical mass for the LTGs samples. Each color and symbol represents a
quasi-constant redshift. The upper-left part of the graph (black dots) corresponds to z ~ 0.025, while the lower-right part of the graph (dark green triangles)
corresponds to z ~ 0.165. The difference in redshift between consecutive symbols is approximately 0.01. The mean uncertainty of the difference between
log(Mpyn/Ms,a) and log(Mgn/Msor) is approximately 0.279 dex. The left column of the mosaic contains the full range of redshift, while the right column only
contains three specific redshifts: low (black dots, z ~ 0.025), intermediate (purple squares, z ~ 0.095), and high (dark green triangles, z ~ 0.165), the latter with the
aim of appreciating more clearly the differences in dynamical and stellar masses due to redshift and also to display the uncertainties for each point.

(The complete figure set (7 images) is available in the online article.)
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