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ABSTRACT

Dwarf galaxies (M, /Mg < 10°), being sensitive to key evolutionary drivers like baryonic feedback and tidal perturbation,
are crucial for understanding galaxy evolution as a whole. Their abundance and faintness, however, ensure that most will
be studied primarily via broad-band imaging for the foreseeable future. It is thus crucial to identify the most informative
broad-band-derivable quantities in the dwarf regime. As studies of widely used morphological parameters like concentra-
tion, asymmetry, and smoothness suggest these lack discriminatory power among dwarfs, we assess alternatives derived
from isophotes: position angle twists, ellipticity, deviations from pure ellipses, and residuals to single-Sérsic profile fits.
Using these parameters, we compare dwarf populations with massive galaxies of the same morphological class, and among
themselves by morphological class. Only dwarf spirals may differ from their massive counterparts, being structurally
simpler; dwarf and massive early-type galaxy (ETG) isophotal similarity suggests all dwarf ETGs may be triaxial. Among
only dwarfs, morphological classes are indistinguishable in this parameter space. A principal component analysis (PCA)
using all available morphological, isophotal, and physical parameters expands on this: no principal component (PC)
explains more than ~26 percent of the population variance, and no clear multimodality appears in any pairwise PC
projection. We find similarly moderate spectral clustering, with a silhouette score of only 0.35. Given this self-similarity,
parsing dwarf galaxy evolution from photometric parameters alone will likely require detailed statistical analysis of large
dwarf populations in a high-dimensional parameter space, a task suitable for upcoming large-scale surveys like the Legacy
Survey of Space and Time.

Key words: galaxies: dwarf - galaxies: evolution - galaxies: fundamental parameters - galaxies: photometry - galaxies:
structure.

1 INTRODUCTION

In this era of large-scale astronomy, where surveys like the Legacy
Survey of Space and Time (LSST; Z. Ivezi¢ et al. 2019), Euclid
Wide Survey (Euclid Collaboration 2022), the Square Kilometre
Array (P. E. Dewdney et al. 2009), and the Nancy Grace Roman
Space Telescope * will dominate extragalactic science, identifying
the most effective means of exploiting such copious data is cru-
cial. Like similar past surveys (e.g. the Sloan Digital Sky Survey; D.
G. York et al. 2000), complementary spectroscopic coverage will
be plentiful (e.g. the 4-metre Multi-Object Spectroscopic Tele-
scope program; R. S. Jong et al. 2019) but, by necessity, more
limited in scope than broad-band photometry. This will reduce
the precision of physical parameter estimates for many newly
discovered objects.

* E-mail: a.watkins@herts.ac.uk
https://roman.gsfc.nasa.gov/
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Dwarf galaxies, being intrinsically low-luminosity, will suffer
the most in this regard. This is unfortunate, as dwarfs are crucial
to constraining many aspects of galaxy formation and evolution,
including reionization (e.g. J. H. Wise et al. 2014; H. Atek et al.
2024), baryonic feedback (e.g. J. F. Navarro, V. R. Eke & C. S. Frenk
1996; H. J. Mo & S. Mao 2004; K. A. Oman et al. 2015; L. V. Sales,
A. Wetzel & A. Fattahi 2022; G. Martin et al. 2025; A. E. Watkins
et al. 2025), environmental influence (C. Mastropietro et al. 2005;
A.Boselli et al. 2008; G. Martin et al. 2018, 2021), and the nature of
dark matter (e.g. A. Knebe et al. 2002; E. N. Kirby et al. 2015; M. C.
Straight et al. 2025). Yet the full breadth of information derivable
in the dwarf regime through photometry alone remains poorly
explored.

Before broadly available chemical abundance and kinematics,
early galaxy evolution studies relied on detailed isophotal analy-
sis, coupled with analytic models. At that time, visual morpholog-
ical classification (e.g. E. P. Hubble 1936; G. Vaucouleurs 1959a;
A.Sandage 1961; S. den Bergh 1976) served as a linchpin for quan-
titative studies (e.g. G. Vaucouleurs 1948, 1959b; J. L. Sérsic 1963;
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K. C. Freeman 1970). The reasoning is clear: stellar structure car-
ries a record of how galaxies form and evolve. Indeed, it correlates
(broadly) with other drivers and tracers of that evolution, like
local density (e.g. A. Oemler 1974; A. Dressler 1980; O. Lahav &
W. C. Saslaw 1992; Y. Hashimoto & A. Oemler 1999; T. Goto et al.
2003; B. Hoyle et al. 2012; R. Shimakawa et al. 2021), colour (e.g.
W. W. Morgan & N. U. Mayall 1957; 1. Strateva et al. 2001; N. M.
Ball, J. Loveday & R.J. Brunner 2008; Z. Pan et al. 2014) and stellar
mass (e.g. I. K. Baldry et al. 2004; R. Calvi et al. 2012; A. E. Watkins
et al. 2022; I. Kolesnikov et al. 2025).

However, visual classification is expensive and time-
consuming, and (even with efficient machine-learning
classification software now available; e.g. M. Huertas-Company
et al. 2015; G. Martin et al. 2020; Z. Chen, Z. Xu & W. Chen
2025) on its own is degenerate to many different evolutionary
histories (e.g. R. Mandelbaum et al. 2006; O. Ilbert et al. 2010;
A. Ghosh et al. 2020; E. Uzeirbegovic, J. E. Geach & S. Kaviraj
2020; J. A. Vazquez-Mata et al. 2025). Many have thus made
efforts to identify more quantitative substitutes. For massive
galaxies, combinations of light concentration, asymmetry, and
smoothness (CAS), or similar parameterizations like the Gini (C.
Gini 1936) and M, coefficients (R. G. Abraham et al. 1996; R. G.
Abraham, S. van den Bergh & P. Nair 2003; C. J. Conselice 2003;
J. M. Lotz, J. Primack & P. Madau 2004), can distinguish fairly
well between disc and elliptical (or spheroidal) morphology,
and so are often used in this way (e.g. M. Yagi et al. 2006; R. G.
Abraham et al. 2007; O. Ilbert et al. 2010; V. Rodriguez-Gomez
et al. 2019; J. M. Espejo Salcedo et al. 2025).

Their applicability in the dwarf regime is less clear, however.
For example, I. Lazar et al. (2024a) - using a mass-complete
sample with 10 < M,/Mg < 10%> - found that CAS discrimi-
nates little in the dwarf regime, save perhaps for identifying tidal
signatures (echoing earlier work showcasing the self-similarity
of dwarf light profiles; e.g. N. Caldwell 1983; P. R. Durrell 1997;
B. S. Ryden et al. 1999). Indeed, many other massive galaxy
trends (discussed above) may break down in the dwarf regime
as well (e.g. H. B. Ann, M. Seo & D. K. Ha 2015; S. Mahajan
et al. 2018; S. Kaviraj et al. 2025), possibly due to an increased
sensitivity to both internal feedback and external environmental
influence. Given the sheer abundance of dwarfs (S. P. Driver
et al. 1994; A. Fontana et al. 2006; S. Kaviraj et al. 2017; N. J.
Adams et al. 2021), and given only photometry will be available
to analyse most of them for the foreseeable future, it behooves
us to explore the full available photometric parameter space to
determine which serve to quantitatively illustrate how dwarf
galaxies evolve.

In this work, we explore the viability of traditional isophotal
analysis for this purpose. In many galaxies, isophote shapes and
orientations change with radius. Barred spirals show the most
dramatic variability, with narrow, boxlike regions in the cores
leading to more regular, rounder regions tracing discs and spiral
arms outside. Such structures only occur as instabilities in thin
discs (J. Binney & S. Tremaine 2008, and references therein),
hence their presence allows direct inference of cylindrical geom-
etry. Even galaxies lacking such instabilities — early-type galax-
ies (ETGs) like ellipticals and lenticulars — show (albeit subtler)
features that reflect their three-dimensional structures. Isopho-
tal twists, a phenomenon first noted by D. S. Evans (1951) via
the ‘steady rotation of the line of the major axes of successive
isophotes’ in NGC 1291, are a prominent example. From the
first quantitative measures of twisting by M. H. Liller (1960) and
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M. H. Liller (1966) through the late 1970s, it became clear this
phenomenon occurred at some level in most ellipticals (e.g. T.
B. Williams & M. Schwarzschild 1977; D. Carter 1978; I. R. King
1978).

Position angle twists in 3D space would imply significant sub-
structure unlikely to be dynamically stable over long time peri-
ods (save perhaps via preservation through resonances; e.g. O. E.
Gerhard 1983). Hence, referencing work by A. A. Stark (1977), J.
Binney (1978) proposed that isophote twisting is likely a projec-
tion effect caused by viewing triaxial systems with varying axial
ratios from an oblique angle. Both the correlation between twist
amplitude and projected ellipticity (e.g. G. Galletta 1980; R. Ram-
pazzo & L. M. Buson 1990; F. D. Barazza, B. Binggeli & H. Jerjen
2003) and the distribution of projected ellipticities across popula-
tions (e.g. R. A. Vincent & B. S. Ryden 2005; S. Rodriguez & N. D.
Padilla 2013; Y. K. Satoh, M. Kajisawa & K. G. Himoto 2019) argue
that massive ellipticals are (to varying degrees) triaxial systems, a
conclusion supported by their measured kinematics (e.g. M. Cap-
pellari et al. 2007; D. Krajnovi¢ et al. 2011; M. Cappellari 2016).
Indeed, assuming reasonable density profiles, the 3D structure
of triaxial or spheroidal systems could be constrainable through
photometry alone (e.g. P. T. Zeeuw & C. M. Carollo 1996; J. L.
Sanders & N. W. Evans 2015; S. Nicola et al. 2020, 2022), although
the exact shape derivable in this way is necessarily non-unique
(requiring two axial ratios measured from the one-dimensional
parameter ellipticity).

This structure is also directly tied to these galaxies’ evolution-
ary histories, as the presence of gas and the dominant merger
mass ratios lead to quantifiably different end-states (e.g. T. Naab
et al. 2014; C. d. P. Lagos et al. 2022). On a more granular scale,
deviations from perfect ellipses (D. Carter 1978) can also identify
embedded low-contrast bars (e.g. J. L. Nieto et al. 1992; L. Gutiér-
rez et al. 2011) or signatures of tidal interaction (e.g. J. Kormendy
1982; J. Kormendy & R. Bender 1996; T. Naab, S. Khochfar &
A. Burkert 2006; I. Plauchu-Frayn & R. Coziol 2010), refining
morphological classification and inferred evolutionary histories
further still. In this way, especially when combined with other
physical parameters, isophote profiles can trace the complex and
varying processes through which stellar mass is built throughout
cosmic time.

This study performs this kind of isophotal analysis in the
still mostly unexplored dwarf regime (following e.g. B. S. Ry-
den et al. 1999; F. D. Barazza et al. 2003). We compare the L
Lazar et al. (2024b, hereafter L.24) dwarf sample (108 < M, /Mg <
10%3; found in mostly low-density cosmological environments)
with the nearby (D < 40 Mpc) Universe sample of M, /M, > 107
galaxies from the Complete Spitzer Survey of Stellar Structure in
Galaxies (CS*G; P. M. Sanchez-Alarcon et al. 2025) to identify
similarities and differences between isophotal parameters as a
function of both stellar mass and morphology. Section 2 presents
the two galaxy samples. Section 3 describes the isophotal analy-
sis methodology and integrated parameters we derive. Section 4
compares and contrasts these parameters between and within the
two galaxy samples. Finally, Section 5 discusses these results in
the context of using isophotal parameters to distinguish dwarf
galaxy populations, and Section 6 summarizes the full analysis.

2 DATA

For this study, we combine the 211-dwarf galaxy sample with z <
0.08 within the 2 deg? COSMOS footprint (N. Scoville et al. 2007)

920z udy | uo 1senb Aq 1882158/, ¥BEIS/v/L¥G/aI01E/SEIUW WO dNO"0IWepED.)/:SdYY WOy papeojumoq



studied by L24 (derived from an earlier 257-galaxy sample study
by I. Lazar et al. 2024a) with the 3239-galaxy nearby Universe
sample from CS*G (P. M. Sanchez-Alarcén et al. 2025). The com-
bined sample spans a stellar mass range of 10’ < M, /Mg < 11.5,
albeit with varying completeness.

The L24 sample includes only dwarf galaxies with stellar
masses 10® < M, /Mg < 10°°, a complete sample within these
limits (see S. Kaviraj et al. 2025). L24 selected this using physical
parameters and photometric redshifts derived from the 40-filter
(ultraviolet through mid-infrared) deep broad-band photometry
of the Classic version of the COSM0S2020 catalogue (J. R. Weaver
etal. 2022). This employed the spectral energy distribution (SED)
fitting software LEPHARE (S. Arnouts et al. 1999, 2002; O. Ilbert
et al. 2006); given the wide, complete wavelength coverage, red-
shift uncertainties are quite low (~ 1 per cent and ~ 4 per cent for
galaxies with magnitudes i < 22.5 mag and 25 < i < 27 mag, re-
spectively), yielding stellar mass uncertainties between 2 per cent
and 8 percent for dwarfs. At low redshift, the COSMOS field
contains no dense clusters, hence it selects for relatively low-
density environments.

The CS*G comprises the original 2352-galaxy S*G (K. Sheth
et al. 2010), an additional 465 ETGs observed and processed
later (A. E. Watkins et al. 2022, and references therein), and
a final 422 galaxies added recently, which were excluded ini-
tially due to a kind of clerical error regarding sample selection
(P. M. Sanchez-Alarcon et al. 2025). Briefly: S*G targeted pri-
marily spiral galaxies using the Spitzer Space Telescope’s (M. W.
Werner et al. 2004) Infrared Array Camera (IRAC; G. G. Fazio
et al. 2004), selecting from the HyperLEDA data base (G. Paturel
et al. 2003) those with radio-derived redshifts v < 3000 km s~!
(D <40 Mpc), extinction-corrected blue magnitudes mp corr <
15.5, blue isophotal diameters D > 1 arcmin, and Galactic lat-
itude |b| > 30°. The ETG extension added Spitzer IRAC obser-
vations of criteria-fulfilling galaxies with visible-light redshifts
v < 3000 km s~! from HyperLEDA and Hubble T-type< 0. The
final extension included criteria-fulfilling HyperLEDA galaxies
with only visible-light redshifts available (hence, excluded from
the S*G) but with T-type> 0 (hence, also excluded from the
ETG extension). Due to Spitzer being decommissioned, this ex-
tension used existing archival imaging and some new ground-
based observations, mostly i-band (for details, see P. M. Sanchez-
Alarcén et al. 2025). For simplicity, we refer to the full sample
we use simply as CS*G. Being a distance-, size-, and magnitude-
limited survey, CS*G selects for galaxies with stellar mass pri-
marily M, > 10°Mg, (with only ~ 20 per cent below this mass).
It includes galaxies in all environments found within ~ 40 Mpc,
which encompasses both the Virgo and Fornax clusters but
also many low-density environments such as the Canes Venatici
complex.

CS*G galaxies benefit from available isophote-fitting analysis
(J. C. Munioz-Mateos et al. 2015; A. E. Watkins et al. 2022; P. M.
Sanchez-Alarcén et al. 2025) - including free-parameter fits - pre-
cise dust-corrected stellar masses (following M. Querejeta et al.
2015), and detailed morphological classifications in the Compre-
hensive de Vaucouleurs Revised Hubble-Sandage (R. J. Buta et al.
2010, 2015) system, including corresponding numerical T-types.
We use these existing tables and parameters for our analysis (with
photometric quantities derived from 3.6pum and i-band converted
to 3.6um flux; see P. M. Sadnchez-Alarcén et al. 2025). 1. Lazar
et al. (2024a) classified their dwarfs into broad categories via
visual inspection of gri colour images from the Hyper Suprime-
Cam Subaru Strategic Program (HSC-SSP, second data release;

Dwarf isophote shapes 3

H. Aihara et al. 2019) ultra-deep layer. L24 later conducted a
structural analysis of these dwarfs via isophote-fitting as well,
though these used fixed isophote shapes. We thus use the avail-
able free-parameter fits for the CS*G sample and conduct new
free-parameter fits for the L24 dwarfs for our analysis, using i-
band HSC imaging data.

Typical resolution in i-band on HSC is ~ 0.6 arcsec full width
at half-maximum (FWHM), or ~ 750 pc at the median redshift
of the L24 sample (z = 0.064). Typical resolution at 3.6pm with
Spitzer is FWHM~ 1.95 arcsec? Though resolution was better for
ground-based i-band images (~ 1 arcsec; P. M. Sdnchez-Alarcén
et al. 2025), we adopt 1.95 arcsec as the survey resolution for
convenience. This is ~ 220 pc at the survey’s 23 Mpc median
distance. Despite worse angular resolution, physical resolution is
significantly higher in the CS*G sample. We discuss the implica-
tions of comparing different survey data throughout.

3 METHODS

3.1 Isophotal parameter derivation

Our study examines isophotal shapes using integrated quanti-
ties derived from radial profiles of best-fitting ellipse parameters.
For the CS*G galaxy sample, we used the 2 arcsec width free-
parameter radial profiles supplied by all contributing surveys,
described by J. C. Muiioz-Mateos et al. (2015), A. E. Watkins et al.
(2022), and P. M. Sanchez-Alarcén et al. (2025). We employed a
similar procedure as those studies to measure these profiles for
the L24 sample. Briefly, we ran the IRAF ellipse package (R. I.
Jedrzejewski 1987; 1. C. Busko 1996) on each dwarf galaxy i-band
stamp (to minimize the impact of dust extinction), masked by-
hand by L24. We fixed the centres to values derived using the
Astropy PHOTUTILS CENTROIDS centre-of-mass function within
the inner 10pxx 10px of each stamp, then derived otherwise free-
parameter fits of each dwarf within bins with a fixed logarithmic
increment of 0.02 [preferable for optimal per-bin signal-to-noise
ratio (S/N) given the 124 galaxies’ small angular sizes].

These fits produced radial profiles of the following isophote
shape parameters relevant to our study: surface brightness (I),
position angle (0), ellipticity (¢ = 1 — b/a, where b and a are the
isophote’s semiminor and semimajor axis lengths, respectively),
and the amplitudes of the fourth-order Fourier modes normal-
ized by the semimajor axis length (as/a; D. Carter 1978), de-
scribing deviations from perfect ellipticity. Negative and positive
values of a,/a denote box-shaped and almond- or eye-shaped
isophotes, respectively (‘boxy’ and ‘discy’ or ‘pointed’, from the
terminology used by R. Bender & C. Moellenhoff 1987; R. L. Je-
drzejewski 1987). For simplicity, we refer to as/a hereafter as
‘boxiness’.

3.2 Integrated quantities

Following B. S. Ryden et al. (1999), we derived several intensity-
weighted mean parameters from these radial profiles, defined as

_fde

2Data were taken during the mission’s warm phase; see table 2.1 of the
IRAC Handbook: https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/.
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where p is an isophotal parameter (0, €, a4/a) and dL = I(a)dA
is the total luminosity within the area dA between two isophotes
of semimajor axis a and a + da. Weighting in this way de-
emphasizes contributions from the noisy outer isophotes.

In addition, we derived four maximal quantities: max(A#), the
largest value of |y|, where y = 6(a) — (0); max(e), the largest
measured ellipticity; max(Ae) = max(e )—min(e), the largest de-
viation in € across the profile; and max(|as/al), the largest de-
viation of a,/a from zero (i.e. the maximum measured boxiness
or disciness within the galaxy). Finally, we derived the unitless
intensity-weighted isophotal twistiness parameter T from B. S.
Ryden et al. (1999), a means to estimate the overall variability
of the isophotes’ position angles across the radial profile. This
parameter is defined as (from equation 13 from B. S. Ryden et
al. 1999):

27 a
T == m j[;o |C(a)|ada, (2)
where
.2 1/2
c@=q |:(51n(ym))> + cos*(y(a)) — 1} . 3)
da q>

Here, g = b/a is the axial ratio at the isophote with semimajor
axis length a. The parameter is derived within an inner (a,) and
outer (a;) radial limit and normalized by the total luminosity con-
tained within a;. Equation (3) is that of a damped harmonic os-
cillator for exponentially declining I(a) (true of all galaxy surface
brightness profiles), again de-emphasizing the contribution from
0 swings in the galaxy outskirts. Being luminosity-weighted, it is
insensitive to the galaxies’ total luminosities, hence it is compara-
ble across stellar masses. We also found through experimentation
with image binning and smoothing that it is insensitive to reso-
lution, except under one circumstance: if a specific feature (e.g. a
stellar bar) is smaller than our PSF-defined inner radius cutoff, its
contribution is excluded, and the derived T value is significantly
smaller than it otherwise would be. As T is an integrated quantity,
the parameter is also sensitive to the total radial extent of the
profile used if 6 (a) varies continually, making it sensitive to image
depth. We discuss this more in Section 4.1.

Finally, following F. D. Barazza et al. (2003), we derive the
mean residuals to a single-Sérsic profile fit to each galaxy’s surface
brightness profile. To de-emphasize the bright cores, we do this
in magnitude space: u = —2.51log(I) + ZP + 2.5log(px?), where
ZP is the survey’s photometric zeropoint and px is the pixel scale
in px arcsec™!. We employed an iterative approach to identify the
Sérsic index which best minimizes the residuals. For an array of
Sérsic indexes n = [0.5...6.5] in steps of 0.1, we converted the
radial bins into x = a/" space, then did a linear least-squares
regression of the form pg, = mx + B, storing each fit’s x? value.
We then interpolated the resulting x 2 curve to a higher resolution
in n, and identified the value of n corresponding to the minimum
interpolated x 2. Using this n, we derived the best-fitting profile’s
half-light radius R.s and surface brightness at the effective radius
Her from the linear fit as

B4 2.5b, @
Hett =2 1n(10)
2.5b, \"
Reff = (W) 3 (5)

where b, is a function dependent only on n (see A. W. Graham &
S. P. Driver 2005, and references therein). The mean residuals are
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thus defined as

(Stes) =/ W (6)

This value quantifies the complexity in the surface brightness
profile shape; high values imply more Sérsic components are
necessary for a proper photometric decomposition.

When deriving all parameters, to avoid influence from the
PSF, we excluded radii a < 2x FWHMpsp, where FWHMpgr is
the typical PSF FWHM for each survey (0.6 arcsec for HSC, ~ 2
arcsec for CS*G). We also limited our measurements to isophotes
with intensities corresponding to an S/N of > 10 (defined as
the quadrature sum of the Poisson intensity error and sky back-
ground uncertainty within each isophote). The latter was neces-
sary to ignore quite large noise-driven isophote parameter swings
in galaxies’ outer regions, which still biased the integrated pa-
rameters despite the intensity weighting. We justify these choices
in Appendix A. Following G. Galletta (1980), we exclude all
isophotes with € < 0.1 when measuring isophotal parameters
dependent on position angle, as the position angles of circles or
near-circles are ambiguous. All galaxies had some non-circular
isophotes; hence, this criterion excluded no galaxies from either
sample.

We compare these parameters across both stellar mass and
morphological class. By necessity, we employ the simpler clas-
sification scheme for the latter from L24, who divide galaxies
into elliptical (E), lenticular (S0), spiral (S), and featureless (F)
classes. L24 defined Es as being generally featureless save for
a visibly centrally concentrated light profile; SOs as similar but
with either obvious central bulges or narrow shapes indicative
of discs; spirals as having bars, spiral arms, H II regions, or other
indicators of late-type morphology (this includes some irregular
systems); and F as being featureless, pancake-like systems with-
out obvious central light concentrations (visually equivalent to
the dwarf spheroidal class, e.g. J. Kormendy 1985). To generate
similar classifications for the CS*G galaxies, we define E galaxies
therein as having numerical T-type< —4; SO galaxies as having
—4 < T-type< 0, without bars; and S galaxies as having 4 < T-
type< 8. The only CS*G galaxies with morphology similar to
the L24 F class are Milky Way dwarf spheroidal satellites; these,
however, being resolved into stars, have not been analysed in the
same manner as the other CS*G galaxies, so we eschew any CS*G
comparison sample for the F class. Additionally, we excluded any
CS*G galaxy labelled as ‘spindle’, denoting thin, edge-on systems,
as the isophotal profiles of all such galaxies trace the vertical
structure (dominated by thick discs, stellar halos, tidal streams,
warps, etc.) rather than the in-plane structure we focus on in this
study (e.g. stellar bars, spiral arms, triaxiality signatures, etc.). We
rejected edge-on dwarfs for similar reasons, identifying each via
by-eye inspection. We also rejected one dwarf E galaxy which
was embedded within a larger spiral. Our final dwarf sample
includes 193 galaxies, and the final massive galaxy sample has
2334 galaxies.?

3This ~ 28 per cent reduction in sample size derives from the definition
of ‘spindle’ as galaxies with inclination i > 65° (R. J. Buta et al. 2015):
assuming uniformly distributed inclination angles, 25°/90° = 0.277 ~ 28
per cent. We were more selective in rejecting dwarfs, excluding only visi-
bly edge-on discs.
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Figure 1. Isophotal twistiness versus stellar mass for the L.24 dwarfs (black squares) and CS*G galaxies (grey points), split by morphology as (from top-
left to bottom-right): elliptical, lenticular, spiral, and featureless. The red dashed line and orange filled regions denote the mean and standard deviation
for the lowest measurable value of T as estimated using mock Sérsic profile injections (see the text). The top-left of each panel also shows the Pearson r
correlation coefficients and associated p-values for all galaxies in each morphological class. The inset in the bottom-right panel shows a zoom-in on the

F dwarfs trend.

4 RESULTS

4.1 Isophote twists

Fig. 1 shows how isophotal twistiness T correlates with stellar
mass across the combined L24 (black squares) and CS*G (grey
dots) samples. Each panel shows the trend for the morphological
class labelled in the top-left corner (see Section 3.2). The nu-
merical values near these are Pearson r coefficients (K. Pearson
1895) and associated p-values, indicating the presence or absence
of a correlation between T and log(M.). The red dashed line
and associated orange filled regions indicate the median and
standard deviation of T derived from mock single-Sérsic profile
galaxies injected into i-band HSC images: as these mocks have
perfectly flat 6(a) profiles, the range of T derived from them
serves as a lower limit on this parameter given photometric
noise and the influence of overlapping masked regions (see Ap-
pendix A).

Broadly, across the combined L24 +CS*G sample, T does not
correlate with M, for any morphological class, save S. While the
Pearson correlation test for F dwarfs is evaluated to be signifi-
cant, it depends heavily on the four points between 1072 < T < 1,
which could be outliers; given this dependence, and the narrow
mass range occupied by the F dwarfs, we put little stock in the
validity of this test for this population.

This contradicts the results from B. S. Ryden et al. (1999),
who found an anti-correlation between T and luminosity among

ETGs; however, that can be explained by the relative shallowness
of the imaging data used for that study. The isophotal profiles
from R. F. Peletier et al. (1990) extend only to py ~ 22 mag
arcsec~2, while those of the CS*G extend some 4-5 mag arcsec 2
fainter. Comparing 6 profiles for in-common ETGs between the
two data sets shows that the monotonic changes in 6 observed
by R. F. Peletier et al. (1990) continue beyond where they could
measure them; including these larger-radii twists increases the
value of T substantially, thereby levelling out the anti-correlation
B. S. Ryden et al. (1999) found. The surface-brightness weighting
inherent to T ensures that the parameter converges even
if 6 continuously varies, however, implying that this trend
is unlikely to evolve much more even with deeper imaging
data. Indeed, using the slightly more extended 6 arcsec-width
isophote profiles for the CS*G galaxies (J. C. Mufioz-Mateos
et al. 2015; A. E. Watkins et al. 2022) does not alter these
trends. The similarity in the distribution of T between the L24
dwarfs and the B. S. Ryden et al. (1999) sample also lends
credence to this.

We do find a correlation among spirals (r = 0.35), suggesting
that even when controlling for luminosity, spirals lose isophotal
complexity at lower stellar masses. As mentioned in Section 3.2,
both binning and smoothing CS*G images of spirals do not sys-
tematically impact the derived T values, suggesting the correla-
tion is not a resolution artefact (though comparison with equally
deep, higher-resolution data such as from the James Webb Space
Telescope, JWST, might prove illuminating). However, this corre-
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Figure 2. Left: median values of twistiness for each morphological class. Black squares denote the 124 dwarfs, while grey points denote the CS*G
galaxies. Error bars are bootstrapped errors on the medians. Right: histograms of log(T') for each morphology class between the two samples, with

dwarfs shown in blue and CS*G galaxies shown in gold.

lation is only significant across the combined sample, not within
the L24 and CS*G populations separately (although it is close
for the dwarfs, with coefficient r = 0.18 and p-value= 0.087).
Visually, T and M, only appear correlated below M, ~ 10°°M,
saturating above this value at T ~ 107! (bottom left panel of
Fig. 1). Indeed, for all spirals with M, /Mg < 10°3, the coefficient
increases to r = 0.42 with negligible p-value, though some scep-
ticism is merited given the incompleteness of the CS*G data at
such low stellar mass.

Fig. 2 expands on this. The left panel shows median values of
log(T) for the L24 and CS*G populations and associated boot-
strapped errors (the point style is the same as Fig. 1), again
separated by morphology. The right panel shows the histograms
of log(T) for each population, with dwarfs shown in blue and
the CS*G sample shown in gold. Two populations stand out
among the rest: the dwarf SOs, which have on-average very low
T values, and the CS*G spirals, which have very high values. All
other median values are within one standard deviation of each
other. We verified this as well with Mann-Whitney U tests (H.
B. Mann & D. R. Whitney 1947) comparing T distributions of
population pairs, in which only S and dwarf SO galaxies stand
out as likely not being sampled from the same parent T distribu-
tion as the rest.

4.2 Photometric complexity and geometry

Fig. 3 follows Fig. 1, but shows the mean residuals between
the measured and best-fitting single-Sérsic models of the surface
brightness profiles. We find strong and significant correlations
between these values and stellar mass for every morphological
class, save F. This implies that more massive galaxies are also
more complex in structure, requiring more components for a
proper photometric decomposition (which echoes results from A.
H. Su et al. 2021, in the Fornax Cluster). The lack of any trend
among the F galaxies is ambiguous: it may result simply from the
small mass range this class occupies, or it may reflect a real lack of
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hidden structural complexity inherent to these dwarfs (reflecting
their featureless appearance). That said, Mann-Whitney U tests
between dwarf populations show that the distributions of (Sy.s)
are not distinguishable, suggesting that all dwarf varieties are
equally well-fit by single-Sérsic profiles. This is not true of the
CS*G sample, where spirals are clearly distinguishable compared
to E and barless SO galaxies via this parameter (though the latter
two are indistinguishable from each other).

Fig. 4 compares the boxiness parameter across populations,
with each panel showing distributions for different morpholo-
gies, where dwarf and massive galaxy histograms are in blue
and gold, respectively. We show here the maximum deviation in
as/a from zero, as we found no interesting trends with (a4/a).
From tests using mock Sérsic profile injections (see Appendix A),
typical systematic uncertainties in a4/a, as measured within the
radial and S/N boundaries we defined in Section 3.2, are ~ 0.01.
Negative and positive peaks for the dwarf galaxies are between
max(|as/al) = 0.03-0.04 (save SOs, which peak at ~ 0.06 on the
positive side), meaning the peaks are significant to > 3o confi-
dence. Peaks in the massive galaxy regime are larger (between
max(|as/al) = 0.07-0.12).

Dwarf and massive Es show similarly shaped distributions,
with a slight preference for boxy over discy isophotes. Dwarf and
massive SOs show very different distributions: dwarf SOs have a
similar distribution to Es, while massive SOs have a clear pref-
erence for discy values. Dwarf and massive spirals have similar
distributions, showing equal height boxy and discy peaks, while
featureless dwarfs have a similar distribution to dwarf Es and
S0s. Overall, dwarf ETGs all appear very similar in this param-
eter space, with a slight preference for boxy over discy isophotes,
while all spirals show near random distributions of boxiness and
disciness in this parameter space (massive spirals again having
the wider distributions).

Any other parameters listed in Section 3.2 not discussed here
either showed no interesting correlations, or we defer discussion
of them to the following section.
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Figure 3. As Fig. 1, but showing the mean residuals between the measured surface brightness profiles and the best-fitting single-Sérsic index profiles.
Stronger residuals imply the profiles require more components to fit properly. The inset in the bottom-right panel shows a zoom-in on the F dwarfs trend.

5 DISCUSSION

Overall, compared to massive galaxies of the same morphology,
dwarf galaxies show the same or weaker isophotal twistiness
(Figs 1 and 2), similar (albeit less extreme) isophotal boxiness
(excepting dwarf SOs, which appear less discy; Fig. 4), and sim-
pler surface brightness profiles (Fig. 3). Relative to each other,
dwarfs are nearly indistinguishable in the parameter space ex-
plored. This (perhaps unfortunately) echoes the results from L24
using CAS, My, and Gini coefficient parametrization, insofar as
different dwarf morphological classes show little separation in
that parameter space as well. We therefore elaborate here on the
similarities and differences we do find, to elucidate how much
information isophotal shape parameters can divulge in the dwarf
regime.

5.1 Late-type galaxies

Spirals (or late-type galaxies, LTGs) are often neglected in dis-
cussions of isophote shapes, except for their use in identifying
or measuring specific structural components like bars (e.g. J. L.
Nieto et al. 1992; J. H. Knapen, I. Shlosman & R. F. Peletier 2000;
D. A. Gadotti et al. 2007). In the presence of such components,
spiral isophote shape profiles show a higher degree of variability
than ETG profiles, making broad conclusions difficult to draw.
However, we find this complexity is much reduced in the dwarf
regime, with isophotal twistiness being indistinguishable from
that of the ETG classes (Figs 1 and 2) and surface brightness
profiles equally characterizable with a single Sérsic component
(Fig. 3).

As mentioned in Section 3.2, excluding the innermost
isophotes to avoid resolution effects could artificially reduce T by
excluding contributions from central components like bars. From
the trend between bar size and stellar mass in the S*G sample
(S. Diaz-Garcia et al. 2016), typical dwarfs in the L24 mass range
should have bars with full-lengths of order ~ 1 kpc. At the me-
dian redshift of the L24 sample (z = 0.064), this is ~0.8 arcsec, or
a half-length ~ 0.4 arcsec, well within our 1.2 arcsec inner cutoff
radius. Given this, we cannot discount the possibility that the
trend we find between T and M, for spirals is artificial. Indeed,
the similarity between the massive and dwarf spiral max(|as/al)
distributions supports this interpretation, as the dwarf distribu-
tion appears as a less prominent (i.e. smoothed) version of the
massive galaxy distribution. However, bar fractions may decrease
with stellar mass as well (at least, below M, /Mg ~ 10°3, e.g. K.
Menéndez-Delmestre et al. 2019; K. Mukundan et al. 2025). L24
estimated the bar fraction in their dwarf sample at ~11 per cent,
certainly lower than 25-35 per cent at M, /Mg = 10°° measured
by K. Mukundan et al. (2025).

Higher resolution imaging is necessary to verify whether the
trends we find from our analysis are physical or not. Ongoing
work on the L24 sample (Lazar et al., in preparation) using much
higher resolution JWST (J. P. Gardner et al. 2006) imaging sug-
gests bar fractions continue to decrease with stellar mass below
10°M,, (see also: I. Marinova et al. 2012; J. Méndez-Abreu, R.
Sanchez-Janssen & J. A. L. Aguerri 2010, who studied Coma Clus-
ter dwarf bar fractions). H 1 disc scale heights are also often higher
in dwarfs than in Milky Way mass spirals (e.g. N. N. Patra 2020);
such enhanced disc thickness in dwarfs could often lead to bar
suppression. Dwarf stellar kinematics measured by N. Scott et al.
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Figure 4. Histograms of the maximum deviation in a4/a from zero, split by morphological class. Blue histograms denote the L24 dwarfs, while gold
histograms denote the CS*G galaxies. Negative values of a4/a denote boxy isophotes, while positive values denote discy or eye-shaped isophotes. Typical
uncertainty is a4/a x 100 ~ 1 within the measurement bounds (see the text).

(2020) in the Fornax Cluster also hint that rotational support de-
creases at low stellar mass, including among spirals (though the
spiral sample here is small). It is thus believable that dwarf spirals
are less morphologically complex than more massive spirals, but
this ambiguity does highlight the dangers inherent to comparing
isophotal shapes across surveys and redshifts.

5.2 Early-type galaxies

In classifying their sample, L24 identified three kinds of ETGs: el-
lipticals, lenticulars (SOs), and featureless, all defined as galaxies
with smooth appearances, differentiated only by the level or type
of apparent central concentration. This is reminiscent of early
dwarf classification schemes (e.g. J. Kormendy 1985, wherein the
F dwarfs would likely be classified as dwarf spheroidals). From
the perspective of isophotal profiles, all three classes appear quite
similar, spanning a similar range of twistiness T (save SOs, with a
mean T skewing low) and maximum a4/a amplitude (favouring
boxy isophotes).

We note that the SO classification was ambiguous enough that
L24 deemed it appropriate to always analyse it in conjunction
with the E dwarfs, a tradition with a long history (e.g. A. Sandage
& B. Binggeli 1984, who introduced dSOs by stating, ‘This is a
new class, if it indeed exists.”). High-ellipticity ETGs were more
often labelled SO due to the unambiguous presence of a disc
component; while we rejected obviously edge-on discs from our
analysis, some of this bias may contribute to the on-average
lower T values in this class, as any isophote twists present could
be washed out by projection effects.

MNRAS 547, 1-17 (2026)

On the subject of inclination, the left panel of Fig. 5 shows the
correlation between the luminosity-weighted mean ellipticities
and the maximum change in position angle for all of the dwarf
ETGs, separated by point type and colour (circles, squares, and
plus-signs for E, SO, and F, respectively, from darkest to lightest
gold), with dwarf spirals shown as faded blue triangles in the
background for comparison. The right panel shows the same
correlation for the CS*G galaxies, using the same point schema
but different colours (browns for ETGs, and a darker blue for
spirals). We find the same trends as past studies of both massive
and dwarf ellipticals (e.g. G. Galletta 1980; R. Rampazzo & L.
M. Buson 1990; F. D. Barazza et al. 2003), such that only ETGs
with very round isophotes show strong isophotal twists (spirals
show a much less constrained distribution, as expected). Among
the massive ellipticals with both high ellipticity and strong twists
(0.35 < (€) < 0.5 and max(A#) > 30°), three have very nearby
companions (in projection; ESO 300-30, IC 5013, and NGC 4581),
and one shows distinct shells (IC 1729), suggesting their outlier
nature is a result of either contamination or tidal interaction
(echoing e.g. J. Kormendy 1982; I. Plauchu-Frayn & R. Coziol
2010).

Many scenarios could produce this correlation (G. Galletta
1980), including triaxiality (J. Binney 1978; P. T. Zeeuw & C.
M. Carollo 1996; J. L. Sanders & N. W. Evans 2015). Among
their sample of low-¢ dwarf Es, F. D. Barazza et al. (2003) found
that position angle changes correlated with changes in ellipticity,
which they argued favoured the explanation put forth by J. Binney
(1978). We failed to find such a correlation among our dwarf Es,
or among dwarf ETGs as a whole, suggesting that the result of
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Figure 5. Luminosity-weighted mean ellipticity versus the maximum measured isophote twist for the L.24 dwarfs (left panel) and CS*G galaxies (right
panel). Maximum twist is defined as the maximum difference between each measured position angle and the luminosity-weighted mean. Dwarf ETGs
(circles, squares, and plus-signs for E, SO, and F, respectively) are shown in varying shades of gold, while spirals are shown as blue triangles. Massive
ETGs and spirals are shown as brown and blue points, respectively, following the same symbol scheme. We show a representative error bar in the left
panel at (0.5,50) equal to (¢ ~ 0.03, oy ~ 0.6°), derived from mock Sérsic profile injections (see the text).

F. D. Barazza et al. (2003) was spurious (possibly related to their
small sample size of 12). However, the similarity to the results
from S. Nicola et al. (2020, figs 5 and 10), an effort to predict ETG
three-dimensional shape and density from observed projected
isophote profiles, is noteworthy. In that study, they reproduced
this distribution using triaxial models built from concentric el-
lipsoids with radially varying ellipticity, following a power-law
density profile benchmarked on the W. Jaffe (1983) model; the
twists and projected ellipticities derive from viewing said models
along different lines of sight. This, and the similarity between
the massive and dwarf ETGs in this (and other; Section 4.2)
parameter space, could be evidence that all indeed have triaxial
structures. That said, this explanation depends on said structures
being simple and monotonic, which may not always be the case
(e.g. R. Madejsky & C. Moellenhoff 1990; J. L. Nieto et al. 1992; S.
Huang et al. 2013).

Low-luminosity massive ETGs, while still triaxial systems (as
evidenced by misalignment between their photometric and kine-
matic axes; see M. Cappellari 2016) tend to be more rotation-
supported (M. Cappellari et al. 2007, 2011; J. de Sande et al.
2017). By contrast, dwarf ETG kinematics, though yet little
studied, appear rather complex. J. Janz et al. (2017), for ex-
ample, found that low-mass quenched galaxies in both cluster
and field environments can be either slow- or fast-rotators, with
some hosting kinematically decoupled cores. A. Rys, J. Falcon-
Barroso & G. van de Ven (2013) and S. J. Penny et al. (2016)
found similar results among cluster and satellite dwarfs, re-
spectively. In the Fornax Cluster, N. Scott et al. (2020) found
that rotational support begins to systematically decrease be-
low M, /Mg ~ 10'%, implying that the lowest-mass galaxies are
predominantly pressure-supported systems. In all cases, how-
ever, sample sizes are quite small, and span a limited range
of environments, illustrating the need for a systematic study

of dwarf kinematics to fully comprehend their origins and
structure.

5.3 Principal component and clustering analysis

Principal component analysis (PCA; K. Pearson 1901) is a tech-
nique used to reduce the dimensionality of a parameter space
by building eigenvectors (the principal components, PCs) from
the correlation matrix through orthogonal, linear combinations
of the parameters. Their orthogonality ensures that the princi-
pal components capture the largest variance (i.e. statistical in-
formation) in the data. By themselves, the PCs have no physical
meaning, but we can make some physical arguments by exam-
ining each parameter’s relative contribution to each component
(known as loadings). Using the SCIKIT-LEARN DECOMPOSITION
(Ver. 1.5.2) PCA package (F. Pedregosa et al. 2011), we explored
this for the L24 dwarf sample, including all of the physical and
shape parameters available for that population from our study
(Section 3.2), those from L24 and its predecessor (I. Lazar et al.
2024a), and physical parameters derived from SED-fitting via the
COSMO0S2020 catalogue (J. R. Weaver et al. 2022). We provide the
full parameter list and PCA loading table as Table 1, highlighting
in bold the primary contributor to each PC. For simplicity and
lack of space, we limit this to only the first seven components,
which collectively explain ~80 per cent of the total variance.
This analysis illustrates again that photometric parameters
have little discriminatory power among dwarfs. The first PC, for
example, explains only ~20 per cent of the total sample variance,
and the second only ~15 per cent. The loading values show some
coherence, however, which illustrates which types of parameters
are the most informative. The five most important contributors
to the first PC are, in order (with loadings provided in parenthe-
ses): n (Sérsic index; 0.84), Cg, (concentration; 0.75), G (Gini co-
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Table 1. Loadings from a principal component analysis. The parameters used are, from top to bottom: logarithm of stellar mass in solar units, logarithm
of total star formation rate (Mg yr—1), integrated u — r colour (mag), half-light radius (kpc), Sérsic index, surface brightness at the half-light radius,
log(Rgo/R20) concentration parameter, asymmetry parameter, smoothness parameter, Gini coefficient, second-order moment of the brightest 20 per cent
of flux, twistiness parameter, maximum change in position angle, luminosity-weighted mean ellipticity, maximum deviation from pure ellipse (either
negative or positive), and mean residuals from best-fitting single-Sérsic profile. The final two rows show the percentage of the total variance each principal
component explains and the cumulative percentage contributed by all components. We truncate the table where ~ 80 per cent of the variance is explained.
We highlight in bold the parameter with the highest loading for each component.

PC1 PC2 PC3 PC4 PC5 PCo PC7
log(M../Mg) 0.577448 0.419201 —0.253053 —0.012596 0.570259 0.019418 0.172215
SFR 0.422543 0.769936 —0.271766 0.029468 —0.010978 —0.227438 —0.179831
u—r —0.032063 —0.545154 —0.080385 —0.241061 0.500969 0.347196 0.420953
Refe 0.281410 0.147295 0.103677 0.730449 0.467116 0.070764 —0.010341
n 0.839417 —0.296589 —0.182377 0.005853 —0.238236 0.075798 0.016339
Meft —0.282250 —0.563786 0.540323 0.425675 0.038888 0.125077 —0.133450
Cga 0.752377 —0.355545 —0.124235 0.075499 —0.323024 0.158261 —0.018218
A 0.242499 0.472128 0.447700 0.428191 —0.208056 0.203157 0.070760
S —0.106833 0.336408 —0.336204 —0.083857 —0.347393 0.137346 0.504442
G 0.596856 —0.405787 —0.289843 0.402787 —0.278154 0.123861 0.087228
My —0.529771 0.394394 0.288741 0.208587 —0.313585 0.224591 0.223628
log(T) 0.449744 0.158755 0.725645 0.019346 0.044992 —0.013553 0.103504
max(A06) 0.531568 0.129908 0.600251 —0.325607 0.069794 —0.082945 0.190705
(€) —0.342371 0.101150 —0.490471 0.621094 0.117310 0.108390 0.015620
max(|as/al) —0.143241 —0.149728 0.034026 0.277923 —0.066643 —0.552719 0.575219
(Sres) —0.073045 0.324133 —0.017399 —0.193131 —0.006283 0.721496 0.024180
Percent var. 0.203809 0.152704 0.130925 0.110837 0.082200 0.074301 0.059297
Percent var. (cum.) 0.203809 0.356513 0.487438 0.598275 0.680475 0.754776 0.814072

efficient; 0.60), log(M,,) (stellar mass; 0.58), and max(A6) (max-
imum position angle swing; 0.53), with M, (second moment of
the brightest 20 per cent of pixels) the same to within two signif-
icant digits (—0.53). Most of these are measures of light concen-
tration. The top three contributors to the second component are
SFR (star formation rate; 0.77), weg (surface brightness at the half-
light radius; —0.56), and u — r colour (—0.55), all tracers of stellar
population. Isophote shape seems to drive the third component
(the top two contributors being T and max(A#)). The least infor-
mative parameters across PCs appear to be smoothness (which is
not the top contributor to any component), asymmetry (similar,
but with larger loadings on average), and max(|as/a|) (only the
top contributor in the seventh PC and low loadings elsewhere).

Following D. Fraix-Burnet et al. (2012), it is worth refining the
PCA by identifying and removing potentially redundant param-
eters. Table 2 shows these results in the same format as Table 1,
but including all PCs. Here, we removed all light-concentration
parameters except Sérsic index (given its primary importance in
the first analysis), u — r (somewhat redundant with SFR), and
asymmetry, smoothness, and max(A#) in favour of T (again,
given its prominence in the first analysis). Under this revision,
more traditional physical parameters (stellar mass, SFR, and size)
increase in prominence over the morphological parameters. Light
concentration () also loses importance to isophotal or photomet-
ric complexity (T, (Sres), and max(|as/al)). Again, however, no
single component represents a large fraction of the total variance
(~ 1/4 at most), with a scree plot (G. T. Lewith, W. B. Jonas &
H. Walach 2010) showing a roughly linear decline and no clear
knee (reducing the similarity to the geological phenomenon after
which it is named).

Fig. 6 shows the first four PCs from this reduced-parameter
analysis plotted against each other, following the same symbol
and colour scheme as Fig. 5. While some small amount of cluster-
ing is visible (e.g. F dwarfs tend to be more tightly clustered than
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the others, while E and S show some separation in PC1 versus PC3
space), all morphologies overlap considerably in each projection.
A more rigorous clustering analysis is likely needed to identify
any concrete trends. While we leave this for a future study, we
did perform a preliminary spectral clustering analysis (S. X. Yu &
J. Shi 2003) to help interpret the PCA results.

An initial clustering with k = 2 to k = 4 on the 16-dimensional
parameter space produced no clear structure, consistent with the
limited discriminatory power of the equivalent PCA. To explore
whether the complexity of the parameter space contributed to
this lack of structure, we repeated the analysis for all possi-
ble variable combinations (from pairs up to the full 16-variable
set), ranking clustering quality using the silhouette score (P. J.
Rousseeuw 1987), with a small modification to incorporate the
peak-to-valley ratio (a measure of inter-cluster density contrast in
the linear discriminant projection). This hybrid scoring method
penalizes overlapping cluster tails more directly than the silhou-
ette score alone. The best scores consistently emerged from com-
binations of only three variables, with k = 3 clusters marginally
outscoring k = 2 and k = 4, with a moderate silhouette score
(before peak-to-valley modification) of 0.35.

For k = 3, the optimal variable set was stellar mass, star for-
mation rate, and smoothness (S). The resulting clusters sepa-
rate broadly into high-mass star-forming dwarfs, low-mass qui-
escent dwarfs, and clumpy systems, likely corresponding to
blue ETGs, red ETGs, and LTGs, respectively. The fact that
smoothness proves discriminatory here likely reflects its physi-
cal connection to star formation, where ongoing star formation
produces clumpy HII regions, while quiescent systems appear
smoother (though smooth, blue ellipticals and spheroids do exist,
including within this dwarf sample; e.g. S. Mahajan et al. 2018; I.
Lazar et al. 2023).

A PCA using only these three variables yields a first component
explaining ~ 53 per cent of the variance, a marked improvement
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Table 2. As Table 1, but showing the results for a reduced parameter space. All principal components are included here.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
log(M*/M@) 0.857330 0.072967 0.238922 —0.024442 —0.007047 0.000932 —0.319523 —0.293721 0.136616
SFR 0.846887 —0.168246 0.087438 —0.083353 0.148714 —0.198641 0.136541 0.395134 0.092936
Regr 0.244406 0.331117 0.841072 0.227763 —0.083419 0.045345 —0.153515 0.121677 —0.170483
n 0.409810 0.491068 —0.194307 —0.247656 —0.431090 0.522097 0.188985 0.050657 0.014730
Heff —0.758959 0.422351 0.317088 0.244150 —0.102508 0.034375 —0.107833 0.158751 0.205009
log(T) 0.174168 0.765593 —0.001638 0.234032 0.386704 —0.183589 0.354192 —0.158586 0.003914
(€) —0.072631 —0.564007 0.670258 0.060328 —0.172744 0.077956 0.406290 —0.156636 0.057560
max(|as/al) —0.244489 0.011908 0.325764 —0.631010 0.570012 0.337711 —0.039512 0.015865 0.010699
(Sres) 0.184101 —0.288377 —0.193097 0.717086 0.319476 0.481681 —0.028823 0.039610 0.008190
Percent var. 0.263678 0.171385 0.166162 0.127257 0.091956 0.077508 0.053567 0.037197 0.011289
Percent var. (cum.) 0.263678 0.435063 0.601225 0.728483 0.820439 0.897947 0.951514 0.988711 1.000000
5.0 4 ] v v
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Figure 6. Four principal components plotted against each other for the L24 dwarf population, derived from the reduced parameter space PCA described
in the text. Points are separated by morphological classification, with shades of gold representing ETGs and blue triangles representing spirals. PC1 is
driven by stellar mass and SFR, PC2 by twistiness, PC3 by half-light radius, and PC4 by residuals from single-Sérsic fits.

over the ~ 20 per cent achieved with all parameters. Even so,
the clustering remains weak compared to the high-mass regime,
where bi-modality in SFR-mass space alone produces clearer de-
marcations between populations (I. K. Baldry et al. 2004). As
such, while there is evidence of diffuse populations among dwarfs
from a clustering analysis, physical properties seem to provide
more discriminatory power than visual morphology, and visual
morphological parameters alone cannot cleanly separate these
populations.

A PCA and a preliminary clustering analysis are consistent
with the results from L24 and those others presented throughout
this work: dwarf galaxies, regardless of appearance, are rather
self-similar when considering quantitative morphological param-
eters alone. While our data are limited, we begin to paint a co-
herent overall picture: below ~ 10°°M, /M, most galaxies may

have similar triaxial structures, with gas fraction and star forma-
tion history dominating morphological separation over merger
history. This fits in well with the concept of dwarfs as sim-
ple building blocks of larger galaxies. While this may make de-
tailed analysis of dwarfs more complicated - an effort of teas-
ing out rather subtle characteristics — it also offers an opportu-
nity: dwarfs should be readily distinguishable with, for example,
machine learning techniques trained on photometric parame-
ters as galaxies with simple isophotal shape profiles, small an-
gular sizes, and low surface brightness. Indeed, such parameters
may be broadly useful to set Bayesian priors when constraining
stellar mass or other physical parameters, which will be cru-
cial when analysing galaxy populations across large surveys like
LSST.

MNRAS 547, 1-17 (2026)
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6 SUMMARY

We performed a traditional isophotal analysis on the I. Lazar
et al. (2024b) sample of low-redshift (z < 0.08) COSMOS field
dwarf (108 < M, /Mg < 9.5) galaxies observed with HSC, which
we compared to the generally more massive, local Universe (D <
40 Mpc) galaxy sample from CS*G (P. M. Sanchez-Alarcén et al.
2025). We sought to determine the utility of quantified isophote
shape parameters for distinguishing between dwarf and mas-
sive galaxies of similar morphology, and of distinguishing dwarfs
of differing morphology from each other. Our results are as
follows:

(i) Levels of isophotal twistiness (as measured by the logarith-
mic twistiness parameter T coined by B. S. Ryden et al. 1999), a
tracer of radial distributions of starlight, are similar across dwarfs
of all morphological classes. Dwarf lenticulars appear slightly less
twisty than other dwarfs, although this may result from the visual
classification of dSO selecting for near edge-on systems (which
appear more disc-like). Overall, however, dwarf structure appears
rather self-similar despite morphological appearance.

(ii) Across stellar mass, ETGs (S0, elliptical, and featureless
or spheroidal) show no variation in twistiness, implying similar
stellar structures. This contradicts the T-M, anti-correlation B.
S. Ryden et al. (1999) found, though this is explainable by im-
age depth: deep images are required for T values to converge.
Dwarf LTGs (spirals and irregulars) are generally less twisty than
massive LTGs, suggesting that dwarf LTGs are less morphologi-
cally complex. While this may be physical, it is also explainable
by resolution differences between our two comparison surveys,
as stellar bars (strong drivers of twistiness) in the I. Lazar et
al. (2024b) sample are generally poorly resolved. Higher resolu-
tion imaging from, for example, Euclid or JWST should clarify
this.

(iii) Dwarf galaxies of all morphological types are equally well-
described by single-Sérsic profiles, while massive galaxies show
increasing deviation from single-Sérsic profiles with increasing
stellar mass, regardless of morphological type. This again implies
that dwarf galaxies are all structurally self-similar and less com-
plex than their massive counterparts.

(iv) In addition to isophotal twistiness, dwarf and massive
ETGs share similar levels of boxy isophotes and show the same
distribution of maximum isophotal twist versus mean ellipticity.
The latter distribution can be explained if dwarf ETGs (like most
massive ETGs) are triaxial in structure, although stellar kinemat-
ics are necessary to verify this.

(v) Using all available parameters - those we derive, those de-
rived by L. Lazar et al. (2024a) and 1. Lazar et al. (2024b), and
physical parameters derived via SED-fitting (e.g. stellar mass, star
formation rate, etc.) — we find via principal component analysis
that no single PC explains more than 20 per cent of the sample
variance, yielding a very linear scree plot. Using a reduced set
of parameters (excluding those likely physically redundant) does
little to alter this behaviour. Physical parameters like stellar mass
and star formation rate are consistently important drivers of the
first two PCs; the contribution of morphological parameters like
light concentration or isophotal twistiness is more ambiguous.
Visual assessment of the PCs shows no obvious clustering in the
reprojected space.

(vi) Spectral clustering on all 16 morphological and physical
parameters in unison produces no discernible structure. Clus-
tering of variable subsets reveals that the combination of stellar
mass, star formation rate, and smoothness yields the strongest

MNRAS 547, 1-17 (2026)

clustering, with k = 3 outperforming k = 2 and k = 4. These
cluster populations seemingly correspond broadly to blue ETGs,
red ETGs, and LTGs, however cluster separation remains modest
compared to the high-mass regime. This reinforces our conclu-
sion that morphological parameters alone cannot cleanly sepa-
rate dwarf populations.

In general, while it is possible to visually classify dwarfs into
distinct morphologies, the quantified distributions of starlight
among dwarfs are rather self-similar. A more rigorous clustering
analysis using a larger sample size, or machine learning tech-
niques, will likely be necessary to automatically identify the ap-
parently quite subtle distinctions between dwarf classes when
viewed from integrated photometric quantities. Large upcoming
surveys such as LSST should prove fruitful in this endeavour.
Even so, dwarfs’ relative simplicity can still be useful to distin-
guish them from massive galaxies, particularly when combined
with other distinguishing characteristics like angular size paired
with surface brightness, and their relative structural simplicity
may be useful as Bayesian priors when estimating stellar mass
and other physical parameters.
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APPENDIX A: UNCERTAINTIES

Figs Al and A2 show the variability of isophotal parameters de-
rived from mock single-Sérsic profiles injected at random loca-
tions in HSC coadd images, which we use to estimate the uncer-
tainty on max(|as/al) (Section 4.2) and the representative error
bar shown in Fig. 5. Before injection, we masked all real sources
in the images using NoiseChisel (Ver. 0.20; M. Akhlaghi & T.
Ichikawa 2015; M. Akhlaghi 2019) and convolved each model
with a Gaussian kernel with FWHM=0.6 arcsec, corresponding
roughly to the mean seeing for HSC in the i-band. From the
top-left to the bottom-right, the panels show the differences be-
tween the measured and input mock model ellipticity (¢), po-
sition angle (0), and deviations from a true ellipse (as/a, by/a)
for all injected models, as a function of model radius (Fig. A1)
and S/N (Fig. A2).

Model-to-model standard deviation in 6 and a4/a (or bs/a)
remain fairly stable between 10 < S/N < 70, with most of the
scatter contributed by masked interloping sources in the images.
Increased scatter at low S/N arises from uncertainty in the fits;
those at high S/N, by contrast, result from PSF kernel convolution
yielding round isophotes. Below a radius of r < 2xFWHM, the
uncertainties on 6 reach > 50, as measured elsewhere. Resolu-
tion’s impact on ¢ is stark: all models show significant deviations
from the input values out to ~ 10 arcsec in radius, or nearly
17xFWHM. This is likely an underestimate of the true impact,
as real PSFs have extended low-surface brightness wings (e.g. C.
Sandin 2014, and references therein) which we did not include in
this test.

Fig. A3 shows how 6 varies between radial bins as a function
of S/N in the 124 sample galaxies. Again, below S/N < 10, 6
shows swings with amplitude > 4°-5°, which, given the median
change between bins is still ~0, is likely a result of fit uncertainty
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Figure Al. Demonstrating the resolution and noise limits for measuring ellipse parameters for an idealized Sérsic profile injected at random locations
into HSC images. Each panel shows the difference between the measured and input ellipse values of all injected models as a function of radius. These
are, from the top-left to the bottom-right: ellipticity (1—b/a), position angle, and the fourth-order harmonic deviations from an ellipse, normalized by
semimajor axis, as/a and bs/a. Black unfilled circles show the measurements of all 64 injected models, while black-outlined red squares show the
medians of the black circles at each radius. Error bars on each square show the interquartile range of the black circles. The horizontal dashed lines show

values of 0, meaning the measured values are the same as the input values.

rather than real twisting. From this result, and the behaviour of
the mock galaxy profiles, we opt to exclude all isophotes with
S/N < 10 from our analysis as a balance between maximizing
radial extent and minimizing fit uncertainty. Including isophotes
up to S/N< 5 does not qualitatively alter any of our conclu-
sions, however the quantitative values of T are quite sensitive
to this choice. A similar analysis using CS*G data yields similar
results.

Finally, Fig. A4 shows the distribution of log(T) derived for
all injected mock galaxies. These mocks contain no isophote
twists by construction; in the absence of noise, T = 0 for all of
them. Non-zero T values are induced both by photometric noise
(random fluctuations in 6 across the profiles) and influence
from contaminant source masks. For T = 0 mock galaxies, we
find a median value of log(T) = —2.43 £ 0.24. We adopt this as
our confidence threshold on derived values of T for our galaxy
populations.
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Figure A2. As Fig. Al, but displaying the profiles as a function of S/N rather than radius, excluding all values within radii <1.2 arcsec. S/N >40 values
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Figure A3. Change in position angle between consecutive isophotes in all L24 dwarfs as a function of the S/N in the corresponding isophotes. Grey
points denote the individual changes in 6 between each radial bin, while large black points show the median values within equal S/N bins. Error bars
denote the one standard deviation scatter within each bin.
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APPENDIX B: ISOPHOTAL PARAMETER

231 — TABLE
] Here we include as Table B1 a small subset of our full isophotal
20 4 : Clipped Mean: -2.43 parameter table available as a machine-readable table online.
1 . This includes only the first nine columns and the first five en-
] Clipped o: 0.24 tries; the full table has 17 total columns and 3450 total entries
| (see table caption). Each parameter is described in more detail in
15 A : Section 3.2.
10 A :
5
0 T — T T T T T T T T T T T
-3 -2 -1 0
log(T)

Figure A4. Distribution of twistiness values derived from mock Sérsic
profiles injected into HSC images. The injected mocks have uniform 6
profiles, meaning the mean value of this distribution represents the lower
limit on T for real galaxies. The high-T tail is a result of heavy masking,
where most of the galaxy is obscured and hence 6 is ill-defined.

Table B1. Subset of table containing isophotal shape parameters described in Section 3.2. All columns are as follows: col. 1 — galaxy identifier (L24 are
labelled ‘L’+ the .24 catalogue number); col. 2 — ID in COSMOS2020 catalogue (only L24; —1 for all CS*G galaxies); col. 3 — right ascension (deg); col.
4 — declination (deg); col. 5 — maximum measured ellipticity; col. 6 — luminosity-weighted mean ellipticity; col. 7 — largest local deviation in ellipticity;
col. 8 — maximum boxiness; col. 9 — minimum boxiness; col. 10 — luminosity-weighted mean boxiness; col. 11 — largest deviation in boxiness from 0;
col. 12 — maximum position angle swing; col. 13 — twistiness parameter (B. S. Ryden et al. 1999); col. 14 — mean residuals from best-fitting single Sérsic
profile; col. 15 — logarithm of stellar mass in solar units; col. 16 — numerical morphological T-type; col. 17 — spindle flag (edge-on is 1, otherwise 0).
The full table contains 3450 rows (includes all 211 124 and 3239 CS*G galaxies, including those not discussed in this paper).

D COSM0S2020 ID RA Dec max(e) (€) max(Ae) max(as/a) min(as/a)
L1 1694888 150.8410436 3.0357795 0.4778665 0.4026349 0.1503973 0.0070487 —0.0421535
L2 1130565 149.2191713 2.4852304 0.4531874 0.2548430 0.3793214 0.0188643 —0.0332186
L3 471022 150.1912488 1.8641657 0.5783193 0.5200038 0.0985328 0.0189752 —0.0186674
L4 19970 150.5983794 1.4080567 0.3880485 0.3080783 0.2949292 0.0226463 —0.0352022
L5 1047560 150.1731066 2.4041898 0.2431914 0.1762601 0.1724714 0.0304889 —0.0276707

This paper has been typeset from a TgX/KTgX file prepared by the author.
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