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Abstract

We compare the kinematics and excitation of ionized gas in the stellar coun-
terrotating galaxies PGC 35706 and LEDA 2220522. We assess the regularity
of gas rotation using an axisymmetric model, two spectral analyses of the same
observations, and emission-line diagnostics. The stellar and gas velocity gra-
dients are nearly opposite in both galaxies, but the gas properties differ. In
LEDA 2220522, the root-mean-square residual of the gas model is 5.90 kms—1.
The two analyses agree in both the gradient direction and local velocities, sup-
porting regular gas counterrotation. In PGC 35706, structured residuals have a
root-mean-square value of 45.5 kms~!, dominated by a few bins with extreme
velocities. Agreement between the two analyses is substantially poorer at the
level of local velocities. Excitation diagnostics identify regions consistent with
star formation in LEDA 2220522. In PGC 35706, weak, low-ionization emission
provides no basis for estimating the star formation rate from Ha. Interpreting gas
counterrotation therefore requires separate assessments of the velocity-gradient
direction, the regularity of the velocity field, and gas excitation.

Keywords: galaxies: individual: PGC 35706, LEDA 2220522; galaxies: kinematics and
dynamics; galaxies: interstellar medium; galaxies: stellar populations



1 Introduction

Galaxies with counterrotating stellar components provide a means of studying the
formation of kinematically distinct structures. Such components occur in both disc
and early-type galaxies (Rubin et al. 1992; Rix et al. 1992; Coccato et al. 2011;
Johnston et al. 2013). Their stellar populations, relative contributions, and spatial
structures vary considerably (Coccato et al. 2013; Katkov et al. 2013, 2016; Coccato
et al. 2015; Morelli et al. 2017); stellar counterrotation therefore does not identify a
unique formation scenario.

Proposed mechanisms include the accretion of gas with oppositely directed angular
momentum followed by star formation, mergers, and internal orbital redistribution
(Thakar and Ryden 1996; Algorry et al. 2014; Martel and Richard 2020; Starkenburg
et al. 2019; Khoperskov et al. 2021; Bugueno et al. 2026).

Integral-field spectroscopic surveys show that stellar-gas kinematic misalignment
occurs across a range of gas-field asymmetries, metallicities, excitation conditions,
and star formation properties (Davis et al. 2011; Ristea et al. 2022; Zhou et al. 2022;
Zinchenko 2023; Beom et al. 2024; Tous et al. 2026). Emission-line ratios and equiv-
alent widths provide spatially resolved diagnostics of gas excitation (Belfiore et al.
2016; Zhang et al. 2017; Lacerda et al. 2018).

For galaxies with stellar counterrotation, it is particularly important to distinguish
a candidate selected by the difference in kinematic position angles, accounting for
the direction of the velocity gradient, from a regularly rotating gas disc. MaNGA
catalogues include cases with weak, irregular, or undetected gas, whereas samples of
regular counterrotating gas discs explicitly exclude such cases (Bevacqua et al. 2022;
Gasymov et al. 2025; Bao et al. 2022, 2026). Detailed studies of individual objects
also combine stellar-component decomposition or orbit modelling with gas kinematics
(Bao et al. 2024). We examine whether gas motion opposite to the stars corresponds
to regular disc rotation. To this end, we quantify departures of the gas velocities from
an axisymmetric model, compare two spectral analyses, and investigate gas excitation
using emission-line ratios.

The galaxies PGC 35706 and LEDA 2220522 and their earlier Schwarzschild de-
composition are presented by Goradzhanov et al. (2026a). The observed stellar and
gas velocities are taken from that work. To compare the gas with orbital families, we
use models from a study of the stellar populations of these galaxies (Goradzhanov
et al. 2026b); their assumptions are outlined in Sect. 2.4.

2 Data and models

2.1 Targets

Table 1 lists the target parameters adopted from the published dynamical analysis.
Distances, spatial scales, inclinations, and effective radii are fixed; Ha luminosities are
calculated using Dy, = D4 (1 + 2)2.



Table 1 Adopted target parameters.

Parameter PGC 35706 LEDA 2220522
MaNGA plate-IFU 8992-3704 8254-1902

2 (MaNGA) 0.0261 0.0242

D4 (Mpc) 1175 108.6

Dy (Mpc) 123.7 114.0
Scale (kpc arcsec™1) 0.570 0.527
Inclination (deg) 42 27
z-band MGE R, (arcsec; kpc) 3.48; 1.98 2.52; 1.33

The targets were selected for the preceding analysis of two stellar components.
Legacy Surveys images (Dey et al. 2019) show no obvious strong distortions.

2.2 Spectral measurements of ionized gas

The primary measurements of velocities, emission-line fluxes, and equivalent widths
were obtained with NBURSTS from MaNGA DRI17 observations (Smee et al. 2013;
Blanton et al. 2017; Abdurro’uf et al. 2022; Goradzhanov et al. 2026a). The spectra
are combined into 676 Voronoi bins for PGC and 263 for LEDA. The stellar contin-
uum and emission lines are fitted simultaneously, with independent stellar and gas
kinematics; the emission is described by a Gauss—Hermite profile. The analysis in-
cludes Hg, [O III|A5007, [O I]A6300, Hey, [N IT]A6584, and the [S II] doublet. Where a
tabulated [O I] flux is unavailable, it is estimated from the spectrum (Appendix A.2).

Fluxes are expressed as the integral of the line model over observed wavelength and
corrected for Milky Way extinction following O’Donnell (1994), with Ry = 3.1 and
E(B —V) =0.01269 for PGC and 0.01651 for LEDA. Equivalent widths are given in
the rest frame throughout. Fluxes refer to entire spectral bins; the maps show surface
brightness.

We assess the dependence of the measurements on spectral processing by compar-
ison with MaNGA Data Analysis Pipeline (DAP; Westfall et al. 2019; Belfiore et al.
2019) results for the same observations. We characterize the Ha line width by the DAP
Gaussian dispersion corrected for instrumental broadening: ocory = (03 5p — 024 ) 2.
The data reduction and point spread function (PSF) are described by Law et al.
(2016).

2.3 Stellar and gas kinematics from NBursts

The gas and stellar line-of-sight velocity fields are taken from the NBURSTS spectral
analysis (Goradzhanov et al. 2026a). Both fields are measured on the same Voronoi
tessellation, allowing a direct comparison of gas and stellar kinematics. We use bins
with valid He fits and S/N(Ha) > 5. For comparison, DAP Ha velocities are flux-
weighted within the same bins over the common spatial coverage.

2.4 Stellar dynamical models

The axisymmetric Schwarzschild solutions used to compare orbital families are taken
from Goradzhanov et al. (2026b) and were constructed with FORSTAND (Vasiliev and



Valluri 2020) and AGAMA (Vasiliev 2019). They use a multi-Gaussian expansion
(MGE) of the z-band surface brightness, an isothermal halo with core radius r¢ore =
R., and a radially varying stellar mass-to-light ratio. Orbit weights were fitted to the
stellar density and four kinematic moments (V, o, hs, and hy), with regularization.
Gas data were not included in the fit. Projected orbital-family velocities are calculated
from the line-of-sight velocity distributions in the observed Voronoi bins.

3 Methods

3.1 Gas excitation, oxygen abundance, and star formation

We assess excitation using Baldwin—Phillips—Terlevich line-ratio diagrams (BPT;
Baldwin et al. 1981) and the WHAN equivalent-width diagram (Cid Fernandes et al.
2011). The primary [N II]-BPT classification requires S/N > 3 in Hg, [O III|, He, and
[N II], with boundaries from Kauffmann et al. (2003) and Kewley et al. (2001). The
WHAN diagram uses [N II]/Ha and EW (He). Its strong and weak active galactic nu-
cleus sectors are denoted SAGN and wAGN. Measurement errors are propagated for
diagnostics involving the weak [S II] and [O I] lines (Kewley et al. 2001, 2006) and for
probabilistic WHAN maps; a class is displayed only when its probability is at least
0.8. Classification rules, error assumptions, and checks using detected lines are given
in Appendix A.2.

The star formation rate (SFR) and gas-phase oxygen abundance are estimated for

LEDA. The primary star-forming mask requires S/N > 3 in Ho and Hp, PS[%H] > 0.8,

PS[% 1 > 0.8, and EW (Ha) > 6 A. We use the O3N2 and N2 oxygen-abundance cali-
brations of Marino et al. (2013) within their calibrated ranges, requiring detections of
all four contributing lines. Their calibration scatters are 0.18 and 0.16 dex. Oxygen
abundances are derived from line ratios corrected for internal attenuation. This correc-
tion is determined from the Balmer decrement, assuming an intrinsic ratio of 2.86 for
case B (Hummer and Storey 1987) and the Cardelli et al. (1989) law with Ry = 3.1;
negative estimates of E(B — V') are set to zero. For a Kroupa initial mass function
(Kroupa 2001), we adopt SFR = 10~*-?" L(Ha) (Kennicutt and Evans 2012).

The SFR refers to the selected region within the MaNGA coverage. Statistical
uncertainty is estimated by Monte Carlo sampling with a fixed mask, accounting for
spatially correlated errors on the PSF scale. The effects of the attenuation law and
the choice of diagnostic region are tested separately (Appendix A.4).

3.2 Comparison of two spectral analyses

NBURSTS and DAP measurements are compared in identical apertures after match-
ing the flux normalization and Galactic extinction correction. DAP fluxes are summed
over the spaxels in each NBURSTS bin. Each line must have S/N > 3 in both anal-
yses. The uncertainty in a summed DAP flux is the sum of the uncertainties of its
constituent spaxels, corresponding to full correlation within the bin. We characterize
the distribution of flux ratios across bins by its median and 16th—84th percentiles.



The effect of spatial binning is tested separately in single-spaxel bins. SFRs are
compared over the intersection of regions selected as star-forming by both analy-
ses using identical criteria. DAP processing of the summed NBURSTS spectra with
additional quality cuts is described in Appendix A.3.

3.3 Gas-field regularity and velocity-gradient directions

To assess regularity, we fit each NBURSTS gas velocity field with an axisymmetric
arctangent model:

24 X
Vinod = Viys + — arctan(R/R;) sini R R?* = X? 4 (Y/ cosi)?, (1)
T

where Viys is the systemic velocity, A and R; are the amplitude and radial scale of the
rotation curve, and i is the disc inclination. Coordinates X,Y run along the model
major and minor axes relative to the fitted centre. The robust fit uses one velocity
per Voronoi bin and the inclination in Table 1. The model is evaluated at bin centres
without PSF convolution. The error model, fitting procedure, and sensitivity tests are
given in Appendix A.1.

To compare large-scale directions independently of this rotation model, we perform
a weighted plane fit:

V(z,y) = Vo + ax + by. (2)
With the z-axis pointing east and the y-axis north, the angle 04,4 gives the direction
of increasing line-of-sight velocity, measured from east towards north over 360 deg.
Signed angular differences are reported in [—180°,180°), preserving the distinction
between opposite gradients. Uncertainties are estimated using a joint spatial block
bootstrap.

Comparison with DAP tests whether the gradient direction and local gas velocities
are reproduced by a different spectral-fitting procedure. The NBursts and DAP gas
velocity fields are compared on common Voronoi bins. After subtracting the median
of each field, we calculate the unweighted Pearson correlation coefficient and the root-
mean-square velocity difference, without fitting a relative scale factor.

3.4 Projected orbital-family velocity fields

For the kinematic comparison, we use broad retrograde and prograde orbital families:
-1 <)\, <—-0.35, +0.35 < A\, < 41, (3)

where A\, = L./L¢i(E) is orbital circularity: the ratio of the time-averaged angular
momentum along the symmetry axis to that of a circular orbit of the same energy.
The projected and observed fields are compared using velocity-gradient directions and
Pearson correlations after subtracting a constant velocity.



4 Results

4.1 Contrasting states of ionized gas

The Ha maps show weak emission relative to the continuum and broad lines in PGC.
LEDA contains extended regions with large EW (Ha) and narrower lines (Fig. 1).

None of the 369 PGC bins in the [N II]-BPT sample belongs to the star-forming
class; all lie in the retired sector of the WHAN diagram, with a median EW (Ha) =
0.96 A (Table 2). The expected fraction of bins in the low-ionization emission-line
region (LIER) class on [S II]-BPT is 92.7 per cent. The [O I]-BPT classification is less
constraining because of the low signal-to-noise ratio of this line (Figs. 2, 3). The small
equivalent width and absence of star-forming bins on [N II]-BPT provide no basis for
applying the adopted SFR and O/H calibrations to PGC.

Among the 385 PGC bins with S/N > 3 in both Balmer lines, the median Ho/Hj
is 2.63, with a spatial 16th—84th percentile range of 2.31-3.26.

In LEDA, 66.7 per cent of the 231 [N II]-BPT bins are star-forming and 32.9 per
cent are composite; the median EW (He) is 15.8 A. Star-forming bins occupy 45.0 per
cent of the area: fractions by bin count and by area differ because of adaptive binning.
The BPT and WHAN classifications disagree in LEDA: most bins in the star-forming
sector of [N IIJ-BPT lie in the SAGN sector of WHAN.

Table 2 Joint NBursts [N II]-BPT and WHAN classification on a common mask requiring
S/N >3 in Hp, [O III], Ha, and [N II|. Bin fractions are calculated for 369 PGC bins and 231
LEDA bins; brackets give the 16th and 84th percentiles of a spatial bootstrap. The final column
gives the area fraction for the same sample.

Target [N II]-BPT / WHAN N; bin fraction (%) Area (%)
PGC composite / retired 14; 3.8 [2.2-5.5] 5.1

PGC above composite / retired 355; 96.2 [94.5-97.8] 94.9
LEDA  star-forming / SF 22; 9.5 [4.4-13.8] 6.3
LEDA star-forming / sAGN 132; 57.1 [48.4-64.2] 38.7
LEDA composite / wAGN 26; 11.3 [7.9-15.7] 29.3
LEDA  composite / SAGN 50; 21.6 [16.4-27.8] 23.9
LEDA  above composite / wAGN 1; 0.4 [0.0-0.9] 1.7

In LEDA, the median oxygen abundance across bins in the primary mask is 12 +
log(O/H) = 8.62 for O3N2 and 8.59 for N2, based on 203 and 195 measurements within
the calibrated ranges, respectively. Additional mask restrictions shift the medians by
less than the calibration scatter of 0.16-0.18 dex (Appendix A.4).

Within the primary mask of 203 bins covering 60.25 square arcseconds, the
attenuation-corrected SFR of LEDA is 1.124 Mg yr—!; the statistical 16th-84th per-
centile interval is 1.111-1.142 M yr~!. Changing the attenuation law over the same
region gives 0.898-1.508 M yr—!.
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Figure 1 Ionized-gas maps of PGC 35706 (left column) and LEDA 2220522 (right column): NBursts
Ha surface brightness (a,b), NBursts log;o[EWo(Ha)/A] (c,d), and DAP He dispersion corrected for
instrumental broadening (e,f). Broadening due to spatially unresolved velocity gradients has not been
removed. Flux maps require S/N(Ha) > 5; dispersion maps additionally require a positive squared
dispersion after the instrumental correction. Panels (c,d) show positive rest-frame equivalent widths.
White regions are masked. The surface-brightness scales differ between the two galaxies. Bars above
panels (a,b) show the spatial resolution (PSF FWHM): 2.69 and 2.34 arcsec, respectively.
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4.2 Comparison with DAP results

In PGC, the NBURsTS H/3 flux is approximately half the DAP value (Table 3), whereas
Ha and [N II] are about 15 per cent higher and the median [O III] ratio is close to
unity. The Hf flux ratio persists in single-spaxel bins (0.527) and when S/N > 10
is required in both analyses (0.528). The discrepancy therefore cannot be reduced to
binning or a weak signal. For a common sample of 350 bins, the median Ha/Hf ratios
are 2.65 from NBURSTS and 1.25 from DAP.

Table 3 Flux ratios FnBursts/Fpap in identical apertures for lines detected at S/N > 3 in both
original analyses. The median, 16th and 84th percentiles, and number of bins /N are given for each
line.

Line PGC 35706 N LEDA 2220522 N
Ho 1.152 [1.046; 1.326] 588 1.013 [1.006; 1.027] 230
Hj 0.530 [0.366; 0.749] 350 0.935 [0.901; 0.975] 226
[O TIT]A5007 1.001 [0.888; 1.140] 573 0.756 [0.689; 0.880] 221
[N II]A6584 1.152 [1.075; 1.229] 586 1.000 [0.976; 1.013] 230
[S MA6717 1.032 [0.867; 1.207] 527 1.004 [0.973; 1.046] 227
[S T1]A6731 1.049 [0.858; 1.229] 485 1.030 [0.990; 1.077] 224
[O T]A6300 0.405 [0.333; 0.655] 51 1.073 [0.873; 1.306] 158

In LEDA, median He, [N II], and [S II] fluxes agree to within a few per cent,
while NBURsTS Hf is about 7 per cent lower and [O III] 24 per cent lower. In the 226
common bins, the median Ha/HS ratios are 4.76 and 4.44, respectively.

On the common sample for each diagnostic, [N II-BPT classes agree in 259 of 347
PGC bins (74.6 per cent) and 209 of 219 LEDA bins (95.4 per cent). Agreement is
294/305 and 217/217 for [S II]-BPT, and 583/585 and 221/230 for WHAN, respec-
tively. In PGC, the [N II]-BPT classification is more sensitive to the spectral analysis
than the WHAN classification of weak emission.

At the intersection of the two star-forming masks in LEDA, comprising 192
bins over 53.25 square arcseconds, the SFR is 1.116 Mg yr~! from NBURSTS and
0.920 Mg yr~! from DAP. The difference of about 21 per cent persists at fixed area.
Over the same region, the median O3N2 estimates of 12 + log(O/H) are 8.624 and
8.604: the difference of 0.020 dex is smaller than the adopted calibration scatter of
0.18 dex.

To assess the sensitivity of the SFR to the Hf profile, we perform a local Gaussian
fit with free amplitude, centre, width, and a linear residual continuum. The NBURSTS
stellar model and Ha flux are fixed. This variant gives an SFR of 0.950 My yr—*
in the same 192 bins; varying the spectral-window half-width from 25 to 45 A gives
0.947-0.955 My yr—1.

4.3 Gas and stellar kinematics

The axisymmetric model leaves structured residuals in PGC (Fig. 4), with a root-
mean-square value of 45.5 kms~!. Nine peripheral bins with |V — Vi,0q4| > 60 kms™!
contribute 89.3 per cent of the sum of squared residuals, whereas a robust scatter
estimate is 12.5 kms~1.

10



For LEDA, the root-mean-square residual is 5.90 kms~! and remains small under
the tested changes in selection and geometry. At the resolution of the observations,
the field is consistent with regular rotation. Table 4 summarizes the fit diagnostics
and sensitivity ranges.

The NBursts gas and stellar velocity gradients are nearly opposite in both galax-
ies. DAP reproduces the same large-scale direction of gas motion, but local agreement
between the two gas-velocity estimates is substantially poorer in PGC than in LEDA
(Fig. 5 and Table 4). Signed differences between the directed angles and their
uncertainties are given in Table 5.

The Ha line widths corrected for instrumental broadening are larger in PGC
(Table 4).

Table 4 Gas-kinematic diagnostics. Root-mean-square fit residuals are unweighted; sensitivity
ranges cover changes in selection and geometry. The NBursts—DAP difference is calculated on
common bins after separately subtracting the medians. Brackets for the line widths give spatial
16th and 84th percentiles.

Quantity PGC 35706 LEDA 2220522
NBursts gas bins 631 263

Fit residual, rms (kms™!) 45.5 5.90

rms sensitivity range (kms~1) 44.4-57.7 5.73-5.92
Descriptive X2/V 4.59 0.67
Degrees of freedom v 625 257
Common NBursts—DAP bins 601 256
Pearson coefficient r 0.825 0.994
NBursts-DAP difference, rms (kms™1) 55.1 2.44
Spaxels in the DAP line-width map 535 378
Median DAP line width (km s_l) 69.7 [45.5-113.0] 31.8 [22.0-42.8]

11



PGC 35706 LEDA 2220522

NBursts gas NBursts gas
10 1(@) (b) ‘
o 100 — T 51 —
S 3 D 2 20 7
g £ g £
o _g | I o |
c 5 c -20
-100 > -5 1 >
> > "
_10 -I T T T T T
-10 0 10 -5 0 5
X east (arcsec) X east (arcsec)
PGC 35706 LEDA 2220522
descriptive model descriptive model
107(¢) (d)
o 100 ~—~ T 5 Ps
@ 51 " @ 20 7
(9] (9]
g N 'g >
_5 I |
c 5 c -20
- -100 > =~ —51 >
_10 -
T T T T T T
-10 0 10 -5 0 5
X east (arcsec) X east (arcsec)
PGC 35706 LEDA 2220522
residual residual
10 1(e) Gj)
. L 50 B 50
o 5 E ) —~ 3 —~
8 25 @ 25 9
E )] E 1))
- 0 IS — 01 IS
P B # ‘ar|ro £ - b o £
E . ' . -25 > E | -25 >
c 57 g F . < € g <
> " 4 -50 > -50
_10 -
-10 0 10 -5 0 5
x east (arcsec) X east (arcsec)

Figure 4 Observed NBURsTs ionized-gas velocity (a,b), axisymmetric model evaluated in Voronoi
bins (c,d), and observed-minus-model residuals (e,f) for PGC 35706 (left) and LEDA 2220522 (right).
Both residual maps span +60 kms~1.

Table 5 Signed differences in velocity-gradient directions, in degrees, with angles measured from
east towards north. Brackets give the 16th—84th percentile intervals of a spatial block bootstrap.
Gas is compared with the model on NBursts gas bins.

Difference 04 — 0p PGC 35706 LEDA 2220522
NBursts gas — stars —176.5 [—179.7, —174.3] —173.6 [—178.5, —169.8]
NBursts gas — DAP gas 0.34 [—1.27, 1.65] 1.14 [0.61, 1.63]
NBursts gas — retrograde model 3.9 [1.0, 6.2] 14.1 [11.9, 16.2]
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Figure 5 Integrated stellar velocity from NBuURrsTs (a,d), gas velocity from NBursTs (b,e), and
DAP Ha velocity (c,f) for PGC 35706 (top) and LEDA 2220522 (bottom). The median has been
subtracted from each map. Each galaxy uses a common velocity scale limited to the 98th percentile
of |V — V| over the combined elements of the three maps. NBursts maps show entire accepted bins;
DAP maps show spaxels passing the quality cuts and S/N(Ha) > 3 threshold.

4.4 Gas and model orbital families

The full stellar models reproduce the large-scale pattern of the observed stellar ve-
locities, with Pearson correlation coefficients of » = 0.986 for PGC and 0.933 for
LEDA.

The observed gas velocities correlate with the projected fields of the broad ret-
rograde families, with r = 0.856 for PGC and 0.947 for LEDA (Figs. 6 and 7). The
gradient directions differ by 3.9 and 14.1 deg, respectively (Table 5).

A local test of the relation between model orbit density and gas properties revealed
no association that was robust to all the null models tested (Appendix B).
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Figure 7 LEDA 2220522: observed integrated stellar velocity (a), projected velocity field of the
broad prograde orbital family (b), observed gas velocity (c), and projected velocity field of the broad
retrograde family (d). Normalization and panel pairs are as in Fig. 6.

5 Discussion

5.1 Gas-field regularity and excitation

In LEDA, the regular rotation model describes the gas field well. In PGC, it leaves
structured residuals, with the large root-mean-square deviation driven by a few pe-
ripheral bins. PGC also differs from LEDA in having broader emission lines. Both the
gas velocity dispersion and spatially unresolved velocity gradients contribute to the
observed line width.

The contrast between these galaxies despite similar stellar—gas velocity-gradient
angles shows why the spatial regularity of the field must be assessed alongside the
gradient direction. In selecting regularly rotating gas, this criterion complements the
position-angle threshold (Bao et al. 2022); disturbed and irregular systems also show
greater gas-field asymmetry or uncertainty in the kinematic position angle (Zhou et al.
2022; Beom et al. 2024).
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Excitation diagnostics reveal a second difference. LEDA contains regions with
evidence of star formation, whereas the small EW (Ha) and WHAN classification in
PGC are consistent with ionization by an old stellar population. Population studies
likewise identify different ionization and star formation regimes among systems with
misaligned stellar and gas motions (Ristea et al. 2022; Tous et al. 2026).

5.2 Sensitivity to spectral analysis

NBursts and DAP agree on the large-scale direction of gas motion and reproduce
the excitation contrast between the galaxies. For LEDA, the main discrepancy in
derived quantities arises from the Balmer lines: different HS fluxes change the internal-
attenuation correction and the SFR estimate. The difference in SFR between the
analyses substantially exceeds its formal statistical uncertainty, whereas the O/H
estimates agree within the calibration scatter.

The large root-mean-square residual in PGC is driven by a few peripheral bins. In
some of these bins, the measured velocities are sensitive to spectral fitting and quality
cuts (Appendix A.3). The amplitude of the extreme deviations is therefore less robust
to the spectral analysis than the direction of gas motion.

5.3 Formation scenarios

In LEDA, regular gas counterrotation and star-forming regions are consistent with
external gas accretion followed by star formation (Katkov et al. 2013, 2016; Chen
et al. 2016). Stellar-component ages and metallicities have already been estimated
by Goradzhanov et al. (2026b). Testing the sequence of accretion and star formation
requires models of the joint evolution of gas and stars over time, consistent with these
estimates and the observed kinematics.

The projected similarity of the gas and retrograde stellar-family velocity fields
provides an additional kinematic constraint on such evolutionary models.

6 Conclusions

1. LEDA has a comparatively regular ionized-gas velocity field. The axisymmetric
model leaves small residuals, and NBursts and DAP gas velocities agree in both
the large-scale gradient direction and individual bins. Regions consistent with star
formation allow the SFR and oxygen abundance to be estimated within the selected
part of the MaNGA coverage. The SFR estimate is sensitive to the analysis of the
Balmer lines.

2. In PGC, nearly opposite large-scale gas and stellar velocity gradients coexist with
structured model residuals and local discrepancies between the two gas-velocity
estimates. The root-mean-square residual is dominated by a few peripheral bins
with extreme values. The gas exhibits weak emission relative to the continuum,
predominantly with low-ionization excitation on [S II]-BPT, in contrast to the
star-forming regions in LEDA.

3. Gas velocities correlate with the projected velocity fields of broad retrograde orbital
families in the stellar dynamical models.
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Comparison of the two galaxies shows that nearly opposite stellar and gas velocity
gradients must be interpreted in conjunction with the spatially resolved regularity of
the velocity field and gas excitation.
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Appendix A Measurement details and sensitivity

A.1 Kinematic fitting and uncertainties

The arctangent model has six free parameters: Vi, the projected orientation, A,
R;, and two centre coordinates, each restricted to £2 arcsec. We use a soft L; loss
for residuals divided by oo = [0% + (5 kms™1)2]'/2. The root-mean-square residual
is unweighted, and ¥ = N — 6. The robust scatter estimate is 1.4826 median|r —
median(r)|, where r = V — Vj,0q4. The reported x?/v describes the residuals after
this robust fit. Sensitivity tests vary the Ha threshold, central-region exclusion, and
inclination. DAP line-width measurements require S/N(Ha) > 5, valid widths, and
a positive squared dispersion after the instrumental correction. The plane-gradient
angle is Ogaq = atan2(b,a) (mod 360°). The corresponding standard astronomical
position angle, measured from north towards east, is (90° — 0graq) (mod 360°). For
fields A and B, the signed difference is defined as 0045 = wrap(_1g¢0,150°) (04 — 05).
Angular uncertainties are estimated from 2000 joint spatial block bootstrap samples.
The same procedure is applied to DAP Ha velocities after Ha-flux-weighted averaging
in common NBursts bins. In all maps, the z-axis points east and the y-axis north.

A.2 Emission-line classification and checks

For each bin, the flux normalization is set by the ratio of the integral of the isolated
HpB model over observed wavelength to its tabulated flux. The median factor is 1.077
for PGC and 1.075 for LEDA; integration of the Ha+[N II] complex gives a consistent
normalization. The same factor is applied to flux uncertainties. The equivalent width is
the ratio of this integrated flux to the continuum, divided by 1+ zjine; EW uncertainties
are scaled in the same way. The Milky Way correction is applied to fluxes but cancels
in EW.

The original tables lack [O I] fluxes and uncertainties for 181 PGC bins and 20
LEDA bins. After subtracting the fixed stellar model from the spectrum, the residual
is integrated within a window of half-width 6-14 A, chosen according to the width of
the neighbouring strong [N II] line. The centre is transferred from that line using the
ratio of laboratory wavelengths. A linear residual continuum is estimated in sidebands
18-35 A from the centre; the uncertainty includes spectral noise and continuum uncer-
tainty, with inflation for excess scatter in the sidebands. Flux estimates are obtained
for 179 and 20 bins; the remaining two PGC bins fail the basic Balmer-line selection.
Negative estimates are retained as noisy measurements and are not replaced by zeros.
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The WHAN diagram uses [N II]/Ha and EW (Ha) (Cid Fernandes et al. 2011).
The retired sector corresponds to EW (Ha) < 3 A, except for the passive sector, which
requires both EW (Ha) < 0.5 A and EW ([NTI)) < 0.5 A. At log([NII]/Ha) > —0.4,
the intervals 3 < EW(Ha) < 6 A and EW(Ha) > 6 A are denoted wAGN and
sAGN. The WHAN star-forming region additionally requires log([NII]/Ha) < —0.4
and EW (Ha) > 3 A.

For [SII]- and [O IJ-BPT diagrams (Baldwin et al. 1981; Kewley et al. 2001, 2006),
the base mask requires valid He, HS, and [O III] measurements with S/N > 3 and
valid flux uncertainties for the relevant weak lines. Fluxes are sampled from normal
distributions truncated at zero; lines are treated as independent because their covari-
ance is unavailable. The probabilistic WHAN classification uses Ha with S/N > 3,
valid [N II] flux and both equivalent-width measurements, and a positive measured
EW (Hea). The two fluxes and two equivalent widths are perturbed independently us-
ing the same non-negative error model. The joint [N II]-BPT/WHAN table classifies
central measurement values on a common four-line detection mask. The ranges of
fractions in that table are obtained by a spatial block bootstrap on the PSF scale.
Each entire bin is assigned to a block according to its centre; in area weighting, its
weight is the number of spaxels. Four grid origins are used. Neither these ranges nor
the class probabilities include calibration uncertainties, systematic errors in contin-
uum subtraction, or the unavailable covariances between lines and between fluxes and
equivalent widths.

Both oxygen-abundance calibrations require S/N > 3 in HfS, [O III|, Ha, and
[N II]. Their calibrated ranges are —1.1 < O3N2 < 1.7 and —1.6 < N2 < —0.2. The
[N II]-BPT dividing curves are not extrapolated beyond their asymptotes.

To test the sensitivity of the PGC classification to a Balmer decrement below case
B, we replace F(HS) with min[F(H3), F(Ha)/2.86]. In this test, 97.5 per cent of the
319 bins with detected lines on [S IIJ-BPT and 91.8 per cent of the 49 bins on [O IJ-
BPT remain in the LIER sector; the rest lie in the Seyfert sector. No star-forming
bins appear in these samples.

A.3 Control of spectral apertures and quality masks

To test the effects of spatial binning and quality selection, DAP version 3.1.0 is applied
to 939 summed spectra on the NBURSTS tessellation, with the same fluxes, uncertain-
ties, and base mask. Stellar kinematics are determined using the MILESHC library;
the MaStarSSP weights and Gaussian gas profiles are then fitted with stellar kine-
matics held fixed. The standard additional DAP masks and instrumental-resolution
treatment are used (Westfall et al. 2019; Belfiore et al. 2019). A common set of stellar
templates is selected across the bins of each galaxy.

An additional cut excludes wavelengths at which at least one of the summed spaxels
carries the DONOTUSE flag from the MaNGA Data Reduction Pipeline (DRP). It
affects 112 PGC bins and 136 LEDA bins. Requiring at least 100 usable spectral
samples leaves 618 PGC spectra and 233 LEDA spectra; 88 apertures are excluded.
Both fitting stages are repeated for the retained spectra.

For the three measurement variants on the common sample, we fit the axisymmet-
ric velocity-field model in Eq. 1 using the same inclinations, S/N(Hea) > 5 threshold,

18



and error model. DAP velocities are converted to the logarithmic convention used by
NBURSTS. Root-mean-square fit residuals are given in Table A1.

Table A1 Root-mean-square residuals of the axisymmetric gas-field model, in kms™?!, for the
common sample of 556 PGC apertures and 231 LEDA apertures.

Spectral measurements PGC 35706 LEDA 2220522
NBursts 42.59 3.218
DAP: NBursts apertures 30.70 3.260
DAP: additional DRP mask 21.23 3.256

In LEDA, the root-mean-square residual is nearly identical for all three variants.
In PGC, it decreases after the additional selection and DAP refitting, while the robust
scatter estimate based on the median absolute deviation changes little (12.35 and
12.25 kms™1). The largest changes affect the extreme velocity measurements.

A.4 Sensitivity of the SFR and oxygen abundance in LEDA

The statistical SFR interval is obtained by Monte Carlo propagation of the measured
Ha and HS flux uncertainties with the mask and attenuation law fixed. Standard-
normal perturbations are shared by bins whose centres fall within the same 2.5 arcsec
block, and are independent between blocks and between the two lines. The distribu-
tions are truncated at zero, and four grid origins are considered. The interval spans the
16th—84th percentiles and excludes uncertainty in mask selection and spectral-model
systematics.

Table A2 compares additional restrictions on the primary LEDA mask. Formal
detection of the weak lines tests sensitivity to fluxes near zero. The [N II]-BPT-SF
and probabilistic WHAN-SF criteria select diagnostic subregions; their intersection
contains 16 bins and has SFR = 0.284 M yr—!.

Table A2 Sensitivity of the LEDA results to additional restrictions on the primary mask. Ngrr is
the number of spectral bins; the last two columns give median oxygen abundances, with the
number of valid estimates in parentheses. WHAN-SF denotes Pwuan,sr > 0.8. All estimates refer
to the specified part of the MaNGA coverage.

SFR 12 + log(O/H) 12 + log(O/H)
Mask Nsrr (M® yril) O3N2 (Ncal) N2 (Ncal)
Primary probabilistic mask 203 1.124 8.622 (203) 8.588 (195)
Primary + all weak lines at 159 1.084 8.632 (159) 8.584 (159)
S/N >3
Primary + [N II-BPT-SF 154 1.081 8.632 (154) 8.580 (154)
Primary + both preceding 141 1.065 8.633 (141) 8.580 (141)
restrictions
Primary + [N I-BPT-SF + 16 0.284 8.634 (16) 8.551 (16)
WHAN-SF
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With the primary mask fixed, a single correction based on the Balmer decrement
of the summed fluxes gives 1.093 M yr~!. Summing the fluxes of entire bins in PSF-
sized blocks before correcting for attenuation gives 1.102-1.108 M yr~! for the four
grid origins. Varying Ry from 2.5 to 4.0 gives 0.898-1.508 M yr—1.

Varying the window width used to recover missing [O I] measurements by 20 per
cent in either direction does not change the primary mask. Applying the same direct
[O 1] measurement to all usable spectra gives 201 bins and SFR = 1.123 Mg yr— 1.
Repeating the random sampling for probabilistic classification preserves the primary
mask; changing the probability threshold from 0.8 to 0.7 or 0.9 changes the SFR by
less than 0.1 per cent. A local refit of the HS amplitude with the stellar spectrum and
gas-line shape fixed gives 1.112 M yr~! over the same region.

Appendix B Local relations between model orbit
density and gas properties

An exploratory local test uses the projected surface density of model orbit weights with
A, < —0.7. Cell weights are distributed uniformly over the spaxels of each Voronoi bin.
Weights of cells that cross the circularity boundary are multiplied by the fraction of
weight in strictly selected orbits within each radial cell. The map is smoothed with the
MaNGA PSF and normalized to the total weight, then compared with gas properties
on the PSF scale. For EW (Ha) and SF probability, the density is represented by its
median within each spectral bin, and bins are grouped into spatial blocks according
to their centre coordinates; at least two usable bins per block are required. For DAP
line width and velocity residuals, we use the median map values within blocks.

We calculate partial Spearman correlations between the density of model orbit
weights and each gas quantity, controlling for projected radius. The baseline two-
sided permutation test shuffles gas values among blocks within three radial groups
of equal size; four grid origins are tested. In LEDA, the line width corrected for
instrumental broadening gives p = 0.46-0.64 and baseline p = 0.0014-0.040. This
positive association is sensitive to the null model: permutations within five annuli give
p = 0.055 for one grid origin, and the threshold calibrated with spatial correlations
is exceeded for only three of the four origins. In this null model, line-width values
are permuted according to the ranks of PSF-smoothed Gaussian noise within six
radial groups of map elements. The detection is therefore not robust to all tested null
models. For NBursts EW (He) in LEDA, the coefficient depends on the grid origin
and ranges from —0.42 to 0.10; for [S II]-BPT SF probability, it ranges from —0.22 to
0.02. Neither association passes all four grid origins. No robust associations are found
for the absolute velocity residual |V — Vi,04q| or for the PGC quantities either.

For NBursts quantities, an additional null model is constructed from independent
Gaussian noise, smoothed with the PSF and averaged over spectral bins. Gas values
are permuted according to the noise ranks within six radial quantile groups. A de-
tection requires the absolute coefficient to exceed a separately calibrated boundary
enclosing 95 per cent of the null distribution for all four grid origins. The confidence
level of the boundary is 95 per cent. In independent null realizations, the frequency
of joint exceedance did not exceed 0.75 per cent for the pairs considered.
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