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A B S T R A C T 

Spectral data cubes of the interacting pair of galaxies NGC 2535 and NGC 2536 (the Arp 82 system) targeting bright emission 

lines in the visible band, obtained with the imaging Fourier transform spectrometer (iFTS) SITELLE attached to the Canada–
France–Hawaii Telescope (CFHT), are presented. Analysis of H α velocity maps reveals a bar in NGC 2536. In NGC 2535, we 
find strong non-circular motions outside the ocular ring, in the elliptical arc and tidal tails of NGC 2535, and a misalignment 
between the kinematic and photometric position angles. We detect 155 H II region complexes in the interacting pair of galaxies 
and determine oxygen abundances for 66 of them using different calibrators. We find, regardless of the indicator used, that the 
oxygen abundance distribution in NGC 2536 is shallow, whereas in NGC 2535, it is best fitted by two slopes, the break occurring 

beyond the ocular ring. The inner slope is comparable to the one observed in isolated normal star -forming galaxies, b ut the outer 
slope is shallow. We present a numerical simulation of the interaction that reproduces the observed tidal features, kinematics, 
and metallicity distribution, to investigate the effect of the interaction on the galaxies. The model indicates that the galaxies have 
undergone a close encounter, strongly prograde for the primary, and are halfway in their course to a second close encounter. 

Key words: methods: numerical – galaxies: abundances – galaxies: individual: Arp 82 – galaxies: interactions – galaxies: kine- 
matics and dynamics. 
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 I N T RO D U C T I O N  

alaxy interactions are fundamental in the evolution of the Universe 
 Early numerical simulations (Toomre & Toomre 1972 ; Toomre 
977 ) demonstrated that gravitational forces between merging or 
nteracting galaxies were responsible for the distorted morphologies 
bserved in these peculiar systems. Later, simulations taking into 
ccount the hydrodynamics of the gaseous component (e.g. Mihos & 

ernquist 1994 ; Di Matteo et al. 2007 ; Blumenthal & Barnes 2018 ),
uggested that tidal forces may funnel gas to the central regions 
nd fuel massive star formation (SF) and/or active galactic nuclei 
AGN). These theoretical predictions are supported by observational 
tudies (Ellison et al. 2013 , and references therein). Specifically, 
ltraluminous infrared galaxies (ULIRGs) at low redshifts, i.e. the 
trongest starbursts in the local Universe, are found preferentially in 
erging and interacting galaxies (Sanders & Mirabel 1996 ; Knapen, 
isternas & Querejeta 2015 ). The inflow of metal-poor gas towards 

he centre of the galaxy dilutes the nuclear metallicity and flattens 
he initial metallicity gradient as has been observed in some nearby 
alaxy pairs (K e wley, Geller & Barton 2006 ; K e wley et al. 2010 )
nd reproduced by numerical simulations (Rupke, K e wley & Barnes
010 ). 
 E-mail: prime.karera.1@ulaval.ca 
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Ho we ver, induced SF is not al w ays localized in interacting
alaxies. It can be spatially extended (Renaud, Bournaud & Duc 
015 ) and, under fa v ourable conditions, gra vitationally bound tidal
warf galaxies (TDGs) can form up to the tip of tidal tails (Duc
012 ). The magnitude of induced changes strongly depends on the
nteraction stage, orbital parameters, and intrinsic properties of the 
olliding galaxies. For instance, distant passages (usually at an early 
tage of interaction) trigger an increase in the SF activity o v er
arge volumes, whereas closer penetrating encounters (usually at 
ater stages before coalescence) increase nuclear activity. Moreo v er, 
arrera-Ballesteros et al. ( 2015 ) report central oxygen abundances 

n a sample of interacting galaxies similar to those in a control
ample, suggesting that other processes such as stellar feedback 
ontribute to lower central metallicity depression in interacting 
 alaxies. Therefore, to understand g alaxy–g alaxy interactions, a 
ombination of 2D spectroscopic and imaging data, which yields 
imultaneous information on morphology, SF, metallicity, etc., is 
eeded. Comparison of observations to numerical models of the 
nteractions can provide information about orbital parameters, time- 
cales, and SF triggering mechanisms (Renaud et al. 2015 ). At a
inimum, a numerical model should reproduce the morphology 

nd kinematics of the system (Privon et al. 2013 ). Insights on
etallicity distribution would further constrain the numerical model. 
o compare the velocity fields of simulations and observations, we 
eed to have relatively high velocity resolution and spatial resolution 
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mailto:prime.karera.1@ulaval.ca


2770 P. Karera et al. 

M

Table 1. Observation log. 

Filter Band Spectral resolution Exp. time per step No. of steps 
( Å) (s) 

SN1 3650–3850 960 39 172 
SN2 4800–5800 970 40 225 
SN3 6510–6850 1900 25 337 
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Figure 1. Composite coloured image of Arp 82 obtained with SITELLE 

(blue: SN2 deep image; red: SN3 deep image; green: mean of SN2 and SN3 
deep images). North is up and east is left. The image spans 4.9 × 4.6 arcmin 2 . 
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or the systems being modelled. There are only a few systems where
hese kinematic data with high resolutions and spatially co v ering
oth the parent disc galaxies, the tidal features, and possible TDGs
re available (Bournaud et al. 2004 ). 

In this paper, we are aiming to investigate the impact of interactions
n the properties of the ionized gas in the pair of galaxies Arp 82, an
51-like double system that consists of NGC 2535, a galaxy with

rand-design spiral arms and a companion, NGC 2536, at the end
f one of the tidal tails. NGC 2535 has an eye-shaped structure
onnecting the two tidal arms reminiscent of the ocular galaxy
C 2163. 2D velocity maps were obtained by Amram et al. ( 1989 )
n H α and by Kaufman et al. ( 1997 ) in H I line. 1D velocity and
etallicity measurements were also obtained by Zasov et al. ( 2019 )

sing two long slits, one connecting the centres of the galaxies
nd the other running along the bridge and crossing NGC 2536.
sing broad-band ultraviolet (UV) and optical colours, combined

o population synthesis models, Hancock et al. ( 2007 ) find that
he stellar population is essentially of young to intermediate ages.
umerical models that successfully reproduce the morphology of

he system (Howard et al. 1993 ; Kaufman et al. 1997 ; Hancock et al.
007 ; Holincheck et al. 2016 ) agree on the fact that the interaction is
trongly prograde for the primary galaxy but differ, for example, in
ass ratios and time elapsed since closest approach. 
In this work, we study the ionized gas properties of Arp 82 using

ITELLE data cubes and present a numerical smoothed particle
ydrodynamics (SPH) model of the interacting galaxies. We adopt a
istance of 59.2 Mpc from Zaragoza-Cardiel et al. ( 2018 ); at this
istance, 1 arcsec ∼285 pc. With its large field of view (11 ×
1 arcmin 2 ) and flexible spectral resolution up to R = 10 000 in filter-
elected regions of the visible range, the Canada–France–Hawaii
elescope (CFHT) imaging Fourier transform spectrometer (iFTS)
ITELLE (Drissen et al. 2014 , 2019 ) is very well suited to tackle

his problem; its spatial resolution is seeing limited and sampled at
.32 arcsec pixel −1 . At the distance of Arp 82, the instrument allows a
patial resolution of 215 pc (0.75 arcsec seeing) up to ∼188 kpc from
he central galaxies. We deriv e rotation curv es, surface brightness,
nd oxygen abundance profiles for both galaxies and discuss the
volution of the SF activity and metallicity during the interaction. 

This paper is organized as follows. In Section 2 , we describe
ur observations, data reduction, and calibration. In Section 3 , we
escribe our data analysis. We present our numerical model in
ection 4 . Finally, we summarize our results in Section 5 . 

 OBSERVA  TIONS,  DA  TA  R E D U C T I O N ,  A N D  

A L I B R AT I O N  

rp 82 was observed with SITELLE in 2016 No v ember in three spec-
ral bands allowing measurements of the strong emission lines: SN1
lter for [O II ] λλ3727, 3729; SN2 filter for H β and [O III ] λλ4959,
007; and SN3 filter for H α, [N II ] λλ6548, 6583, and [S II ] λλ6716,
731. Details and technical specifications of the observations are
isted in Table 1 . Fig. 1 shows a combination of the deep images
or the SN2 and SN3 cubes; these images are produced by summing
NRAS 514, 2769–2792 (2022) 
ll interferograms obtained by the instrument before performing the
ourier transform. Features such as the bright eye-shaped structure

n NGC 2535 and the extended tidal arms are easily seen. 
Data reduction was performed using ORBS and ORCS (Martin,

rissen & Joncas 2015 ), SITELLE’s dedicated data reduction and
nalysis pipelines. Details of the automated procedure and the
ources of uncertainties can be found in Martin, Drissen & Prunet
 2021 ). The wavelength calibration is performed using a high-
esolution laser source but may show distortions (up to 25 km s −1 

cross the field of view) due to aberrations and deformations in
he optical structure (Martin, Prunet & Drissen 2016 ). To refine the
avelength calibration, we measured the centroid positions of the
ight sky OH emission lines (in the SN3 filter) in spectra extracted
rom circular regions sampling the entire field of vie w, follo wing
he procedure described in Martin, Drissen & Melchior ( 2018 ). A
elocity correction map is obtained by interpolating values on the
ight sk y v elocity grid, reducing the uncertainty on the velocity cal-
bration across the entire field to less than 2 km s −1 . We also applied
 barycentric correction of + 24.71 km s −1 . Photometric calibration
as performed using images and data cubes of spectrophotometric

tandard stars. 
Given that the spatial resolution is seeing limited ( ∼0.75 arcsec),

he spax els hav e been binned 2 × 2 during the line extraction
rocess to increase the signal-to-noise ratio (SNR) of faint regions.
mission lines are fitted for each spaxel after subtracting a median
ky spectrum taken in a dark circular region (aperture of 13 arcsec)
 ar aw ay from the galaxies. Line fitting for SN1 and SN2 data cubes
s done using sinc-shaped profiles, the natural instrument line shape
f iFTS, as illustrated in Fig. 2 . The higher spectral resolution and
NR achieved for the SN3 data cube allows us to fit these lines using
 sincgauss function (a sinc function convolved with a Gaussian; see
artin et al. 2016 for details) and thus map the velocity dispersion

f the ionized gas. The software produces maps of fluxes of fitted
mission lines, continuum lev el, v elocity, and v elocity dispersion
the last three parameters are common to all lines in one data cube)
ogether with maps of their corresponding uncertainties. While the
N1 and SN2 cubes were obtained under photometric conditions,

t was not the case for the SN3 cube. We therefore compared our

art/stac1486_f1.eps


SITELLE view of galaxies Arp 82 2771 

Figure 2. Example of a fit of the spectrum of a bright star-forming region 
in NGC 2535. The good quality of the fit of emission lines by sinc-shaped 
profiles is evidenced by the very small residuals. 
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 α + [N II ] fluxes with those obtained by Kennicutt et al. ( 1987 ).
N3 flux maps (H α, [N II ] λλ6548, 6583, and [S II ] λλ6716, 6731) are

hereafter corrected to match Kennicutt et al. ( 1987 ) data. Flux maps
f extracted emission lines and the velocity dispersion map from 

he SN3 cube are presented in Fig. A1 . For illustration, we show in
ig. 3 (top left) the H α flux map at full resolution. Several bright
 II region complexes can be identified in both galaxies, the faintest

egions being located in the tidal tails far from the galaxies centres.
his H α emission results from young stellar sources ionizing their 
urrounding interstellar medium. The correlation can be seen in the 
oom in snapshots of Fig. 3 where peaks of H α emission coincides
ith loci of bright star-forming knots visible in the sharp archi v al
ubble Space Telescope ( HST ) Advanced Camera for Surv e ys (ACS)

mage (filter F606W). Star-forming regions, as revealed in SITELLE 

nd HST images of Fig. 3 , are not only confined in the centres of
he galaxies. Both images reveal that star formation rate (SFR) is
reater in the ocular and spiral structures and lower in the tidal tails
as shall be quantified in Section 3 from H α fluxes corrected for
xtinction), although the northern tail of NGC 2535 is truncated in 
he HST image. We also note that the H α flux in the central region of
GC 2536 (including the bar) is relatively weak, the brightest H II

e gion comple x es being clearly offset from the core of the galaxy. The
nalysis in the following section is based on the spectral properties 
f the ionized gas in the interacting system. 

 DATA  ANALYSIS  

.1 Kinematics and surface brightness 

he line-of-sight velocity maps obtained from fitting SN3 emission 
ines of the ionized gas are presented in Fig. 4 . Only data points
ith H α fluxes > 2 × 10 −17 erg s −1 cm 

−2 , SNR > 3, and measured
elocity uncertainties < 20km s −1 were used. The isovelocity con- 
ours, although very distorted, show an o v erall ’spider’ pattern char-
cteristic of differentially rotating inclined discs. For both galaxies, 
pproaching/receding sides have projected velocities lesser/greater 
han 4100/4140 km s −1 , with systemic velocities ∼4120 km s −1 . The
ine of nodes in NGC 2535 lies in the direction joining the centres of
he two galaxies; in NGC 2536 it lies in the direction joining the tips
f the spiral arms. Assuming that both galaxies have trailing arms,
hey both rotate counterclockwise. 

The velocity fields of the galaxies are very perturbed. Isovelocity 
ontours tend to run parallel to spiral arms with velocity kinks
ndicative of peculiar velocities or streaming motions. The velocity 
inks are also observed in the H I velocity map of Kaufman et al.
 1997 ) in which an elliptical arc is identified with a position angle
PA) of 172 ◦. This feature coincides in our velocity map to the loci
f velocity kinks around NGC 2535 delimited to the south-east by
he curved spur of H II regions right abo v e NGC 2536 and to the
orth-west by the string of H II regions intersecting the tidal arm
t ∼[8 h 11 m 14 s , 25 ◦13 

′ 
00 

′′ 
]. The ellipse is off-centred as iso v elocity

ontours are more elongated on the receding side. The ocular ring
nd the smaller spurs that appear attached to the ring at its southern
im and the one right abo v e the ring’s northern rim are not seen in the
 I map as the central part of NGC 2535 is located in an H I trough
lled in with 12 CO emission (Kaufman et al. 1997 ). The link between

hese features and the ongoing interaction between the two galaxies 
s discussed in Section 4 . 

We extract kinematic parameters of the interacting galaxies by 
odelling their velocity fields with DISKFIT (Spekkens & Sell w ood

007 ; Sell w ood & S ́anchez 2010 ; Sell w ood & Spekk ens 2015 ). The
ode can fit axisymmetric and non-axisymmetric motions in two- 
imensional velocity fields, as well as perform fits of outer disc
ymmetric warps. A model is fitted to regularly spaced, concentric 
llipses at radii specified by the user, from which the kinematic
arameters are derived assuming that the disc is flat (constant 
nclination and constant PA) and that the perturbation that drives 
he non-circular motions has a fixed principal axis. In our case, the
eparation between the ellipses was chosen to be 2 pixels to ensure
hat each ring contained a minimum of 10 measured velocities at the
owest radii. The velocity model is given by the following expression: 

 model = V sys + sin i 
[
V t cos θ − V m, t cos ( mθb ) cos θ

−V m, r sin ( mθb ) sin θ
]
, (1) 

here V sys is the systemic velocity, V t is the circular velocity, V m , t and
 m , r are the tangential and radial components of non-circular flows 
ith harmonic order m = 1 or m = 2 in the disc plane, θ and θb are

he azimuthal angles relative to the major axis and the non-circular
o w axis, respecti vely, and i is the disc inclination. If m = 1, the
odel describes a lopsided flow; if m = 2 the model is bisymmetric,

nd describes a barred or elliptical flow. For an axisymmetric model,
 m , t and V m , r are set to zero. 
To a v oid strong deviations from pure circular motions in our

ata, we only fit the inner parts of the discs of the two galaxies.
 or e xample, sampling data points on the velocity map at position
[8 h 11 m 12 s , 25 ◦13 

′ 
00 

′′ 
] would induce a gradient in projected ve-

ocities of ∼60 km s −1 just across the northern spur of NGC 2535.
 steep decrease in velocities would also occur for data points at

pproximately the same radius crossing the bridge. This behaviour 
an be seen in the velocity profile of Amram et al. ( 1989 ). Also,
elocities along the tidal tails (extended arm and bridge) seem to
emain constant o v er long patches, in agreement with the long-slit
pectral observations of Zasov et al. ( 2019 ). Results of the modelling
re shown in Fig. 5 . NGC 2535 is best fitted by an axisymmetric
odel (Fig. 5 a). The residuals (Fig. 5 e) of the rotation-only model

Fig. 5 b) applied to NGC 2536 show clear indications of the presence
f a non-axisymmetric flow. Adding a bar-like feature (Fig. 5 c) to
he rotation-only model significantly lowers the residuals (Fig. 5 f). 
he choice of these models is also consistent with the structural
omponents found in photometry modelling as discussed below. The 
est-fitting kinematic parameters are listed in Table 2 . Uncertainties 
n the models parameters were estimated by generating 100 bootstrap 
ealizations of each velocity model (Sell w ood & S ́anchez 2010 ). The
erived systemic velocities of the two galaxies are very close. Their
MNRAS 514, 2769–2792 (2022) 
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Figure 3. Expanded view of H α flux map at SITELLE full resolution (top left) and archi v al HST ACS/F606W image (top right). Zoom in view of the HST 
image with SITELLE H α contours o v erplotted (mosaic in lower panels): there is a correlation of H α emission to the presence of ionizing young stellar sources. 
H α contour levels are (5 , 16 , 63 , 239 , 504) × 10 −18 erg s −1 cm 

−2 . 
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SITELLE view of galaxies Arp 82 2773 

Figure 4. H α velocity map (left) and corresponding isovelocity contours (right) superimposed on the SN3 deep image. The corresponding map of velocity 
uncertainty is shown in Fig. A1 . Contours were generated from the velocity maps smoothed with a Gaussian 2D kernel of 2.5 pixels. 
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entres have a projected separation of 102 arcsec or 29 kpc for
he adopted distance that transcribes to a deprojected separation of 
0.5 kpc if NGC 2536 is in the plane of NGC 2535 disc. Figs 5 (g)
nd (h) show the radial velocity distribution of the best models. 
he projected velocity profiles of the models are in good agreement 
ith those of Amram et al. ( 1989 ). A v elocity profile e xtending
eyond the ocular ring in NGC 2535, using the same kinematic 
arameters derived here, is presented in Section 4 and compared 
o the radial velocity distribution of the primary galaxy in the 
imulation. The decline in the velocity profile of NGC 2536 occurs 
t the position of the bar and is likely associated with strong non-
ircular gas motions caused by the bar. Ho we ver, we do not observe
he change of sign beyond the 10 arcsec radius reported by Zasov
t al. ( 2019 ). We performed non-linear least-squares fitting to the
otation curves following Courteau ( 1997 ) arctan function modified 
o account for a possible increase/decline in the rotational velocity 
t high galactocentric radii (Drew et al. 2018 ): 

 t ( r ) = 

2 

π
V a arctan 

(
r 

r t 

)
+ cr , (2) 

here V a is an asymptotic velocity, c is the outer slope, and r t is a
ransition radius between the rising inner part and outer part. Fits to
he rotation curves with this function are represented by dashed lines
n Figs 5 (g) and (h). 

DISKFIT can also be used to fit axisymmetric and non- 
xisymmetric models to images. We model the continuum map since 
t is smoother than the H α flux map. The photometry branch of the
ode can fit up to three components simultaneously: a disc, a bar,
nd a bulge. The code determines the best-fitting values for ( x c , y c ),
isc PA, disc ellipticity (and corresponding inclination), bar PA, and 
ar ellipticity. The only component that has an assumed light profile 
s the bulge, which is parametrized by a S ́ersic function: 

 ( r) = I e exp 

{
− b n 

[(
r 

r e 

)1 /n 

− 1 

]}
, (3) 

here I e is the brightness at the ef fecti ve radius r e , and n is the
 ́ersic index. The factor b n is a function of the shape parameter, n ,
uch that �(2 n ) = 2 γ (2 n , b n ), where � is the gamma function and

is the incomplete gamma function. The bulge is spheroidal with 
n apparent ellipticity εbulge , with the disc plane being the plane of
ymmetry. 

Figs 6 and 7 show the best photometric models and residuals
o the SN3 band continuum map together with the corresponding 
rightness profiles. The black dashed lines in the bottom panel 
epresent non-linear least-squares fits to disc brightness profiles 
y equation ( 3 ). The best-fitting photometric parameters are listed
n Table 3 . 100 bootstrap realizations of each photometric model
ere used to estimate the uncertainties on the photometric 
arameters. 
We fit a bulge + disc + bar model for NGC 2536. The resulting

ar has the appearance of a ring, while the enclosed bulge has a
 ́ersic index characteristic of bars ( n = 0.5). The bulge and the bar
ontribute up to 32 per cent of the total brightness of the model.
he residuals are higher for star-forming knots in the bar and bulge.
he photometric centre, inclination, and PAs values are very close 

o those derived from the analysis of velocity maps. The stellar mass
f the galaxy may be estimated from its ( g − i) and ( i − H ) colours
Zibetti, Charlot & Rix 2009 ). From the SIMBAD (Wenger et al.
2000 ) astronomical data base, ( g − i) = 0 . 75 and ( i − H ) = 2 . 0
hat results in M/L H 

∼ 0 . 25. Considering the adopted distance of
9.2 Mpc, L H = 1.3 × 10 10 L � or M � = 3 . 2 × 10 9 M �. The total
 I mass of Arp 82 is 2.4 × 10 10 M �, of which 2 . 4 × 10 9 M � is

ssociated with NGC 2536 (Kaufman et al. 1997 ). The dynamical
ass can be estimated as M dyn ( r ) = ( V 

2 + 3.36 σ 2 r / r e ) × r / G , where
 is the gravitational constant, V is the rotational velocity, and σ is

he isotropic velocity dispersion (Drew et al. 2018 ). Kaufman et al.
 1997 ) report velocity dispersions of ∼30 km s −1 all o v er the system
or the H I gas. We measure velocity dispersions of about the same
alue (see Fig. A1 ) for the ionized gas in star-forming knots with
he highest SNR. Assuming σ = 30 km s −1 and V ( r e ) = 54 km s −1 

inferred from the parametrized rotation curve) we find a dynamical 
ass of 6 . 5 × 10 9 M � enclosed in one ef fecti ve radius. 
For NGC 2535, we fit a bulge + disc model to the data. The

ulge has a S ́ersic index n bulge = 1, characteristic of discs. The
 ulge contrib utes only 6 per cent to the model total brightness. The
cular ring and the tidal arms stand out in the residuals image.
or this galaxy, we infer V ( r e ) = 210 km s −1 , corresponding to a
ynamical mass of 1.1 × 10 11 M � within a radius r = r e . Ho we ver,
he photometric inclination and PA of the disc are very different
MNRAS 514, 2769–2792 (2022) 
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Figure 5. Fitted velocity models for the H α velocity fields. (a)–(c): Rotation-only models for NGC 2535 and NGC 2536 and rotation + bisymmetric flow model 
for NGC 2536. (d)–(f): Corresponding residuals. (g) and (h): Rotation curves correspond to the best-fitting models, i.e. rotation-only model for NGC 2535 and 
rotation + bisymmetric flow for NGC 2536. The dotted lines are arctan functional fits to the rotation curves (see text). 
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rom the equi v alent kinematic parameters values. If the inclination
educed from the image analysis is correct, V ( r e ) would be a factor
in 51.7/sin 18.1 = 2.5 less and the abo v e estimated dynamical
ass would be 2 . 5 × 10 10 M �. ( g − i) and ( i − H ) colours from
NRAS 514, 2769–2792 (2022) 
IMBAD (1.20 and 2.23, respectively) suggest a M/L H 

∼ 0 . 25 or
 � = 5.4 × 10 10 M �. Thus, the photometric inclination is certainly

ot correct as the computed dynamical mass would be less than
he baryonic mass. This explains the very low dynamical mass,

art/stac1486_f5.eps
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Table 2. Best-fitting kinematic parameters. x c and y c are positions of the 
kinematic centre, � kin, d is the PA of the kinematic major axis of the disc in 
the sky plane, � kin, b is the PA of the major axis of the bar in the disc plane. 
F or v elocity fields, PAs correspond to the receding side of the disc. V a , r t , 
and c are parameters describing fits to the rotation curves (see equation 2 ). 

NGC 2535 NGC 2536 

x c 8 h 11 m 13 . s 5 8 h 11 m 15 . s 9 
y c + 25 ◦12 

′ 
24 . ′′ 6 + 25 ◦10 

′ 
46 . ′′ 7 

V sys ( km s −1 ) 4124.7 ± 1.4 4118.8 ± 1.2 
i 18 . ◦1 ± 9 . ◦9 48 . ◦1 ± 4 . ◦9 
� kin, d 154 . ◦1 ± 3 . ◦0 211 . ◦8 ± 4 . ◦5 
� kin, b ··· 56 . ◦0 ± 9 . ◦8 a 

V a ( km s −1 ) 376.1 ± 44.2 155.3 ± 41.7 
r t (arcsec) 2.26 ± 0.56 1.88 ± 0.92 
c ( km s −1 arcsec −1 ) −4.1 ± 1.9 −5.3 ± 2.6 

a DISKFIT computes � kin, b in the disc plane so that equation ( 1 ) can apply. The 
corresponding value in the sky plane is 256 . ◦6 (see equation 6 of Spekkens & 

Sell w ood 2007 for conversion details). 
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Figure 6. SN3 band continuum model for NGC 2535. Top left: SN3 continuum
(data–model) residuals; middle left: disc component of the model; middle centre: 
model components. Dashed lines are fits to brightness profiles with an exponential 
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omparable to the H I content of the system, deduced form the
 α Fabry–Perot observations by Amram et al. ( 1989 ) who found

n inclination i = 43 ◦ ± 10 ◦ based on the ellipticity of the inner
sophotes. Kaufman et al. ( 1997 ), using the Persic & Salucci ( 1991 )
elation, adopt an inclination i = 23 ◦ ± 4 ◦ to get velocities consistent
ith the B -band luminosity of NGC 2535. The kinematic inclination

s therefore fa v oured. Hence, the galaxy disc and the eye-shaped ring
ith a major axis at 117 ◦ ± 12 ◦ all have intrinsic elliptical shapes.
he misalignment between the kinematic and photometric PAs and 

he intrinsic ellipticity of the stellar disc are induced by the interaction 
s discussed in Section 4 . 

.2 Properties of H II regions 

.2.1 Region detection and integrated spectra 

as-phase metallicity is generally traced through oxygen abundance. 
onized gas oxygen ab undances ha ve been well calibrated on the
asis of strong-line indicators for ionized regions associated with 
F processes. We have selected H II region complexes using the
MNRAS 514, 2769–2792 (2022) 

 image of NGC 2535; top centre: disc + bulge DISKFIT model; top right: 
bulge component of the model; bottom: radial brightness distribution of the 
function (equation 3 ). 

cadem
ic.oup.com

/m
nras/article/514/2/2769/6595322 by C

N
R

S - ISTO
 user on 06 July 2023

art/stac1486_f6.eps


2776 P. Karera et al. 

M

Figure 7. Same as in Fig. 6 but for NGC 2536. Top left: SN3 continuum image of NGC 2536; top centre: disc + bulge + bar DISKFIT model; top right: 
(data–model) residuals; middle left: disc component of the model; middle centre: bulge component of the model; middle left: bar component of the model; 
bottom: radial brightness distribution of the model components. Dashed lines are fits to brightness profiles with an exponential function (equation 3 ). 
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1 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet 
Propulsion Laboratory, California Institute of Technology, under contract 
with the National Aeronautics and Space Administration 
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utomated HIIPHOT algorithm (Thilker, Braun & Walterbos 2000 ;
hilker et al. 2002 ). The procedure applied on the H α emission line
nd continuum maps detects 155 sources abo v e the 10 σ level. The
elected H II region complexes are shown in Fig. 8 (a). Positions
nd fluxes of the detected regions can be found in Table A1 .
luxes of the H II region complexes are then extracted from their
k y-subtracted inte grated spectra in the same manner described
n Section 2 , i.e. emission lines are fitted using sinc profiles for
he SN1, SN2 data cubes and sincgauss profiles for the SN3 data
ube. Visual inspection of the spectra does not show any significant
nderlying Balmer absorption. We, therefore, do not subtract any
odel stellar spectra from the extracted integrated spectra. Fig. 8 (b)

llustrates spectra of some bright regions detected near the galaxy
entres (regions #15 and #83) and in the tidal tails (regions #65
nd #142). We corrected extracted fluxes for Galactic extinction and
nternal dust attenuation derived from the Balmer decrement H α/ H β.
or the Galactic extinction, we assume the Cardelli extinction law
NRAS 514, 2769–2792 (2022) 
Cardelli, Clayton & Mathis 1989 ) with R v = 3 . 1 and A v = 0 . 117,
s provided by the NASA/IPAC Extragalactic Database (NED) 1 . For
he internal dust attenuation, we assume a Calzetti law (Calzetti
001 ) and a theoretical H α/H β = 2.86 for the Case B recombination
t T = 10 000 K, n e = 100 cm 

−3 (Osterbrock & Ferland 2006 ). We
iscard 40 regions with H α or H β fluxes with a SNR ≤ 3. The
esulting colour excess E( B − V ) map is shown in Fig. 9 with a
edian value of ∼0.44. 
Selecting regions solely based on their brightness, ho we ver, does

ot provide information on the ionization mechanisms. In order
o exclude sources other than SF processes, we need to inspect
heir locations on the Baldwin–Phillips–Terlevich (BPT) diagrams

art/stac1486_f7.eps
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Table 3. Best-fitting photometric parameters. x c and y c are positions of 
the image centre, � phot, d is the PA of the major axis of the disc in the 
sky plane, and � 

′ 
phot , b is the PA of the major axis of the bar in the 

sk y plane. εbar/b ulge are apparent ellipticities of the bar/bulge components. 
I e , disc / bulge , r e , disc / bulge , and n disc/bulge are parameters describing fits to the 
disc/bulge brightness profiles (see equation 3 ). I e brightness are in units 
of 10 −17 erg s −1 cm 

−2 Å−1 arcsec −2 . The bottom three parameters are the 
percentages of light coming from the galaxy components. 

NGC 2535 NGC 2536 

x c 8 h 11 m 13 . s 5 8 h 11 m 15 . s 9 
y c + 25 ◦12 

′ 
24 . ′′ 6 + 25 ◦10 

′ 
46 . ′′ 8 

i 51 . ◦7 ± 2 . ◦2 54 . ◦0 ± 0 . ◦1 
� phot, d 56 . ◦6 ± 2 . ◦6 50 . ◦7 ± 0 . ◦8 
� 

′ 
phot , b ··· 92 . ◦1 ± 7 . ◦7 

εbar ··· 0.26 ± 0.02 
εbulge 0.00 ± 0.00 0.10 ± 0.12 
I e , bulge 3.69 ± 1.88 1.84 ± 0.89 
I e , disc 0.17 ± 0.03 0.19 ± 0.02 
r e , bulge (arcsec) 1.38 ± 0.63 2.42 ± 0.48 
r e , disc (arcsec) 36.08 ± 5.67 17.05 ± 1.81 
n bulge 1.05 ± 0.61 0.46 ± 0.17 
n disc 1.59 ± 0.15 1.50 ± 0.06 
Per cent disc 93.94 ± 3.15 67.53 ± 8.20 
Per cent bulge 6.06 ± 3.15 18.16 ± 9.26 
Per cent bar ··· 14.31 ± 7.06 
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2 Ho we ver, we note that, on the one hand, some tailor-made models for 
low-metallicity objects (e.g. P ́erez-Montero et al. 2010 ) and some recent 
state-of-the-art models that assume empirical laws between O/H, ionization 
parameter, and N/O (e.g. P ́erez-Montero 2014 ) give chemical abundances 
in good agreement with those derived from the direct method for high- 
metallicity objects. On the other hand, some recent empirical calibrations (e.g. 
Pilyugin & Grebel 2016 ) provide estimates of abundances also compatible 
with those from the direct method. 
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Baldwin, Phillips & Terlevich 1981 ). To this purpose, we only 
onsider regions with a SNR > 3 for all emission lines before doing
he diagnostic. This process further excludes 45 regions. Thus, of 
he 155 regions detected with HIIPHOT , we finally only keep 70.
he [N II ] λ6583/H α versus [O III ] λ5007/H β and [S II ] λλ6716,
731/H α versus [O III ] λ5007/H β diagnostic line ratios are shown in
ig. 10 . All selected regions lie leftward (within uncertainties) of the
emarcation lines in the BPT diagrams (Fig. 10 ). 

.2.2 Oxygen abundance determination 

o e v aluate gas-phase metallicity, we chose five different cali- 
rators widely used in the literature, and compare the derived 
bundances to avoid systematic biases that may arise from the 
dopted extinction, diffuse ionized gas (DIG) contribution, low- 
onization emission regions (LIERs), ionization parameter, or relative 
lemental abundances variations (e.g. N/O variations when using 
ndicators based on [N II ] emission lines to derive metallicity). Those
ndicators are N2Ha (Kobulnicky & K e wley 2004 ; Marino et al.
013 ), based on ([N II ] λ6583 / H α), O3N2 (Marino et al. 2013 ), based
n ([O III ] λ5007/H β)/([N II ] λ6583/H α) line ratio, N2O2 (K e wley &
opita 2002 ; Bresolin 2007 ), based on [N II ] λ6583/[O II ] λλ3727,
729 line ratio, and R23 (Kobulnicky & K e wley 2004 ), based on
[O II ] λλ3727 , 3729 + [O III ] λ5007) / H β line ratio. N2Ha is not
ensitive to reddening correction or flux calibration as the involved 
ines are very close in wa velength b ut is particularly sensitive
o the ionization parameter and to the presence of strong shock 
xcitation or DIG/LIERs contribution. The indicator scales linearly 
ith nitrogen abundance at low metallicities (N2Ha < −0 . 8) but

aturates at high metallicities (K e wley & Dopita 2002 ). Kumari
t al. ( 2019 ) have shown that the O3N2 indicator is not significantly
ffected by DIG/LIERs. The indicator also has the advantage to 
ary monotonically with metallicity. However, the diagnostic ratio 
s affected by variations in the ionization parameter since [N II ]
nd [O III ] originate from ions with a large difference in ioniza-
ion potential. N2O2, on the other hand, is ionization parameter 
ndependent and is a good diagnostic, but only for metallicities 
bo v e half-solar (K e wley & Dopita 2002 ). The R23 parameter
as a local maximum and is often used in conjunction with an-
ther indicator like N2O2 and an ionization parameter estimator 
ike the O3O2 (log([O III ] λ5007/[O II ] λλ3727, 3729)) and gives
eliable estimates of oxygen abundances at low metallicities. For 
3N2, we used the empirical calibration of Marino et al. ( 2013 ),
alid for −1 < log [([O III ] λ5007 / H β) / ([N II ] λ6583 / H α)] < 1 . 7
all H II region complexes analysed here fall in this range).
or the N2O2 diagnostic, we used the theoretical calibra- 

ion provided by K e wley & Dopita ( 2002 ) for regions with
2 + log (O / H) > 8 . 6 or log ([N II ] λ6583 / [O II ] λλ3727 , 3729) >
0 . 97. For log ([N II ] λ6583 / [O II ] λλ3727 , 3729) < −0 . 97 we

sed the empirical Bresolin ( 2007 ) prescription. For R23, we used the
terative procedure described in Kobulnicky & K e wley ( 2004 ) to de-
ive (O/H) abundances and the ionization parameter simultaneously. 
or N2Ha, we adopt the parametrization given by Kobulnicky & 

 e wley ( 2004 ) (N2Ha KK04 hereafter) and use the final ionization
arameter map obtained by the R23 calibration to derive (O/H). We
lso use the Marino et al. ( 2013 ) empirical calibration (N2Ha M13)
or the same indicator. (O/H) abundance maps derived using the five
ifferent methods are reproduced in Fig. 11 together with the (O/H)
adial distribution in the discs of NGC 2535 and NGC 2536. Depro-
ected galactocentric distances were computed taking into account 
he kinematical PAs and inclinations found in Section 3.1 . Absolute

etallicity estimates from the five calibrations are different with 
ystematically lo wer v alues obtained for the empirical calibrations 
O3N2 and N2Ha M13). This discrepanc y is e xpected as theoretical
alibrations usually lead to higher (O/H) values than empirical ones 
K e wley & Ellison 2008 ). 2 This also explains the lo w v alues found
or region #21 in NGC 2536 and regions #99, #119, and #134 in
GC 2535 where the empirical calibration of Bresolin ( 2007 ) was
sed for the N2O2 indicator. The corresponding R23 values are also
ow as N2O2 values serve as initial guesses for this calibrator. We
nd an offset of ∼0 . 5 dex between the theoretical and empirical
alibrations. The O3N2 values are less scattered in the radius versus
O/H) diagrams. Central values of oxygen abundance found using the 
3N2 calibration are in agreement with those derived by Zasov et al.

 2019 ) who accounted for underlying stellar absorption in measuring
mission line fluxes. Had the underlying H β absorption line been 
mportant and not detected in our spectra due to the low resolution
f the SN2 cube, we would have underestimated the H β fluxes. As
 consequence, we would have overestimated the internal extinction 
nd significantly underestimated central oxygen abundances. 

.2.3 Galactocentric abundance gradients 

patial distribution of oxygen abundance in the disc of NGC 2535
xhibits two slopes for all the methods used. The break occurs at
25 arcsec, just beyond the ocular ring. Indeed, the tidal tails have

onstant metallicity o v er long patches in the abundance maps. This
s in agreement with the nearly constant abundance along the tidal
MNRAS 514, 2769–2792 (2022) 
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Figure 8. (a) H II region complexes detected in NGC 2536 and the bridge (left) and in NGC 2535 (right). (b) Spectra of regions #143 (in the extended northern 
arm of NGC 2535), #65 (in the bridge), #15 (in the centre of NGC 2536), and #83 (in the centre of NGC 2535). Variations in the relative strength of high- and 
low-ionization emission lines with respect to the Balmer lines hint for differences in metallicity. 
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ridge observed by Zasov et al. ( 2019 ). Linear least-squares fit give
lopes of 0.04 ± 0.02, −0.05 ± 0.02, −0.04 ± 0.01, −0.02 ± 0.02,
nd −0.05 ± 0.01 dex/ r e for N2O2, R23, O3N2, N2Ha KK04, and
2Ha M13 calibrations, respectiv ely. Re gions #21, #99, #119, #134
ere considered as outliers and were not used in the fits since they
epart considerably from the general trend observed for the other
egions for the N2O2 and R23 calibrators. Inside the ocular ring, the
lope is steeper. We find gradients of −0.33 ± 0.11, −0.25 ± 0.10,
0.27 ± 0.06, −0.13 ± 0.08, and −0 . 11 ± 0 . 03 dex /r e with central

O/H) abundances of 9.14 ± 0.05, 9.17 ± 0.05, and 8 . 61 ± 0 . 03 dex
or N2O2, R23, O3N2, N2Ha KK04, and N2Ha M13 calibrations,
NRAS 514, 2769–2792 (2022) 
espectively. The inner slope is a bit less steep for the N2Ha calibrator
ince it saturates at high metallicities but the break in the O/H
istribution is clear. The slopes derived are consistent within errors.
he lower (O/H) values in the tidal tails suggest that these features are
ade of gas expelled from the disc periphery. In NGC 2536, the oxy-

en ab undance distrib ution can be fitted with a single slope. We find
radients of −0.08 ± 0.09, 0.02 ± 0.15, −0.05 ± 0.03, −0.08 ± 0.08,
nd −0 . 08 ± 0 . 03 dex /r e with central abundances of 8.89 ± 0.06,
.91 ± 0.09, 8.45 ± 0.02, 8.89 ± 0.05, and 8 . 52 ± 0 . 02 dex for N2O2,
23, O3N2, N2Ha KK04, and N2Ha M13 calibrations, respectively.
he slopes derived for NGC 2536 are also consistent within errors.
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Figure 9. E ( B − V ) map. 

Figure 10. Baldwin–Phillips–Terlevich (BPT) diagrams showing excitation 
properties of detected H II regions (see text). Demarcation lines from K e wley 
et al. ( 2001 ) (solid lines), Kauffmann et al. ( 2003 ) (dashed line), and 
Schawinski et al. ( 2007 ) (dash–dotted line) are plotted and separate star- 
forming regions, high-, and low-ionization emission regions. Colour denotes 
e xtinction-corrected H α flux es. 
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t is interesting to note that central metallicity in NGC 2536 is higher
ompared to the metallicity in the bridge, suggesting that the gas 
n the satellite galaxy has not yet mixed with the gas in the tidal
ridge. S ́anchez et al. ( 2014 ) showed that, when using the O3N2
ndicator, disc galaxies in the local Universe present a common 
radient in the oxygen abundance of ∼−0 . 1 dex /r e up to ∼2 ef fecti ve
adii beyond which the distribution flattens out. The characteristic 
radient is independent of morphology, presence or absence of bars, 
bsolute magnitude, or stellar mass. Only interacting galaxies in 
heir sample show clear deviations from the common gradient with 
n average slope of −0 . 05 dex /r e . This is the case with the average
lope derived for NGC 2536. For NGC 2535, only the outer slope
s significantly shallow to this standard. Flat slopes in tidal debris
ave also been observed in other interacting systems (Weilbacher, 
uc & Fritze-v. Alvensleben 2003 ; Torres-Flores et al. 2014 ). Since
 metallicity gradient is expected at radii < 2 r e for non-interacting
isc galaxies, the flat outer slope hints at some mixing in the tidal
ebris or tidal stretching induced by the interaction. At this early
tage of the interaction, tidal stretching seems more likely to cause
he flattening. 

.2.4 Nucleus and star formation rate 

e do not detect any signature of AGN in our data. Inspection
f the velocity dispersion map in Fig. A1 shows that a maximum
f ∼45 km s −1 is reached in the centre of NGC 2535. This value
s very low compared to velocity dispersion of a few hundreds
m s −1 observed in narrow-line regions (NLRs) of active galaxies. 
t is even lower if compared to the widths of broad-line regions.
xtended NLRs would have similar widths but emission lines from 

he integrated spectra do not suggest the presence of multiple 
omponents associated with AGN-dri ven outflo ws/inflo ws and the 
iagnostic line ratios of Fig. 10 do not show any evidence of
n AGN source. Although AGNs may be optically elusive, near- 
nfrared (NIR) spectra obtained by Lee et al. ( 2012 ) do not show
ny AGN signature either. The total H α luminosity of the region
omple x es is 1.5 × 10 42 erg s −1 for the adopted distance. The
rightest regions are located at the centres of the galaxies, at the
pices of the ocular and at the tip of the north spiral arm of
GC 2535. Half of the total H α luminosity is contributed by

egions in the ocular. The proportion rises to 70 per cent when
ccounting the spiral arms attached to the eye-shaped ring, whereas 
he luminosity in the tidal tails amounts to 5 per cent. Assuming that
 α luminosity is totally due to SF, we compute a global SFR of
.1 M � yr −1 for the Arp 82 system using the Murphy et al. ( 2011 )
alibration. The SFR would be 12.1 M � yr −1 were it computed
sing Kennicutt ( 1998 ) calibration due to differences in stellar initial
ass functions (IMFs) and stellar population models (instantaneous 

ersus continuous SF) assumptions. The total infrared luminosity 
 L IR = 1 . 1 × 10 44 erg s −1 ) suggests a SFR measurement consistent
ith that traced by the H α luminosity when considering the Buat &
u ( 1996 ) relation valid for galaxies of type Sb and later. The derived
FR and total stellar mass (previous section) place the system on the

ocal blue Sloan Digital Sky Survey (SDSS) galaxies sequence in 
he SFR–M � diagram of Elbaz et al. ( 2007 ) (see their fig. 18 and
quation 5). Hence, the SF activity of Arp 82 is still comparable to
ypical star-forming galaxies at z = 0 with the same stellar mass. 

 N U M E R I C A L  M O D E L  

.1 Simulation code 

o simulate the collision between the two galaxies, we used the
alactic chemodynamical evolution code GCD + (Kawata & Gibson 
003 ; Kawata et al. 2013 ). GCD + is a 3D tree N -body/SPH code
hat incorporates self-gravity, hydrodynamics, radiative cooling, SF, 
upernova (SN) feedback, metal enrichment, and metal diffusion. SF 

ccurs whenever the local number density of gas is greater than a
hreshold n th , the gas velocity field is convergent, and the gas is Jeans
nstable following the Schmidt law: 

d ρ∗
d t 

= 

d ρg 

d t 
= 

C ∗ρg 

t g 
, (4) 

here ρ∗ and ρg are the stellar and gas mass density , respectively ,
 g the dynamical time, and C ∗ a dimensionless SF efficiency. We
MNRAS 514, 2769–2792 (2022) 
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Figure 11. Abundance maps (top and middle panels) and abundance profiles (lower panel) for NGC 2535 and NGC 2536. The maps and profiles are obtained 
for the N2O2, R23, and O3N2 and N2Ha KK04 and N2Ha M13 calibrations. Linear fits (solid lines) to the data points are performed ignoring outliers (see text). 
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se n th = 0 . 1 cm 

−3 and C ∗ = 0.012. Dark matter, gas, and stellar
omponents are represented by particles. Stellar and gas particles
ave equal masses. Each stellar particle represents a population of
tars born at the same time with stellar masses distributed according
o the Salpeter ( 1955 ) IMF. The stellar wind (SW) energy output
 SW 

= 10 36 erg s −1 and the SN energy output E SN = 10 51 erg with
nly 10 per cent contributing to feedback, the rest being radiated
way. 

Since the algorithm does not include an actual treatment of
onization, we assume that ionized gas is traced by gas particles with
igh density and temperature (average n H > 1 cm 

−3 , T > 420 K).
he assumption is made considering that in the Galaxy, the hot and
iffuse ionized gas have densities well below 1 cm 

−3 and the mass-
eighted average temperature of the atomic gas and ionized gas by
 II regions is ∼420 K. 
NRAS 514, 2769–2792 (2022) 

T  
.2 Initial conditions 

he simulation is run assuming a 
 cold dark matter ( 
 CDM)
tandard cosmology with h = 0.73, �0 = 0.266, �b = 0.044, and
0 = 0.734. Each galaxy is composed of a dark matter halo with
 Navarro–Frenk–White (NFW) profile (Navarro, Frenk & White
996 ) with a concentration parameter c = 20, and a galactic disc
ith exponential density profile: 

= 

M 

4 πζ� 2 
sech 2 

(
z 

ζ

)
exp 

(
−R 

� 

)
, (5) 

here R and z are the radial and vertical coordinates, � is the scale
ength, ζ is the scale height (set to � /8), and M is the mass of
he stellar/gaseous component. The initial masses, scale lengths,
nd number of particles for the simulated galaxies are given in
able 4 . The stellar and gaseous discs of the primary and satellite
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Table 4. Initial properties of the simulated galaxies. DM, gas, and star labels refer to the dark matter, gaseous, stellar components, 
respectively. M , � , and N represent the total mass, scale length, and total number of particles, respectively. 

Galaxy M DM 

( 10 9 M �) M gas ( 10 9 M �) M star ( 10 9 M �) � gas (kpc) � star (kpc) N DM 

N gas N star 

Gal1 3154.265 32.304 51.504 6.0 3.0 630 848 129 216 206 016 
Gal2 492.853 2.692 4.292 2.0 1.0 98 570 10 768 17 168 

Table 5. Initial conditions. 

R 1 ( kpc ) (0, 0, 0 ) 
R 2 ( kpc ) (74, 20, 8 ) 
V 1 ( km s −1 ) (0, 0, 0 ) 
V 2 ( km s −1 ) ( − 120, 170, 13 ) 
( θ , φ) 1 (342, 0 ) 
( θ , φ) 2 (48, 270 ) 
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Figure 12. Temporal evolution of the separation between the centres of 
mass of the simulated interacting galaxies. Dotted lines identify instants at 
pericentre passages. 
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alaxies have initial central iron abundances [Fe / H] of 0.2 and 0 dex,
espectively, with radial gradients of −0.03 and −0 . 06 dex kpc −1 ,
espectively. α-elements are initially only present in the stellar 
omponent with abundances given by 

 α/ Fe] = −0 . 16[Fe / H] . (6) 

he metallicity of each particle is modified by adding a Gaussian 
catter of 0 . 02 dex to create a local dispersion. Stellar particles are
ssigned an age following an age–metallicity relation [Fe / H] = 

0 . 04 × age (Gyr). The simulated interacting galaxies both rotate 
ounterclockwise and the encounter is prograde–retrograde with 
nitial positions, velocities, and inclination angles given in Table 5 . 

Several simulations were run in order to reproduce the morphol- 
gy, kinematics, metallicity distribution, distance, and global SFR 

bserved in Arp 82. The best match simulation was found using
he parameters described abo v e and was run for 1 Gyr. The satellite
alaxy is on a bound orbit with initial positions and velocities chosen
o reproduce the observed distance at the best match time. At this
ime, the kinematics and morphologies of the galaxies, in particular 
idal tails induced by the interaction, are influenced by the choice of
he initial scale lengths and initial inclinations. Initial metallicity and 
adial gradients were chosen to reproduce the observed metallicity 
istribution (derived using the N2O2 calibrator). Initial masses were 
hosen to reproduce the observed stellar and gaseous masses at the 
est match time. 

.3 Simulations 

o investigate the effects of the interaction, we also ran simulations of
he same galaxies with the same parameters but evolved in isolation. 
n the following, we refer to the primary and secondary galaxies 
s Gal1int and Gal2int, if simulated in interaction, and Gal1iso and 
al2iso when they are evolved in isolation. 
Gal1int and Gal2int are initially separated by ∼70 kpc and expe- 

ience several close passages in their encounter before merging at 
 = 0 . 83 Gyr as shown in Fig. 12 . The best match to the observations
ccurs at t = 0 . 39 Gyr, just past the first apocentre, when the distance
30 . 6 kpc) between Gal1int and Gal2int very well matches the
easured separation between NGC 2535 and NGC 2536. We thus 

dentify t = 0 . 39 Gyr as ‘the present’. 

.3.1 Formation and evolution of tidal features 

ig. 13 illustrates the time evolution of the configuration of the 
tellar particles in three orthogonal ( xy , yz , and xz ) projections.
he xy plane is adopted as the plane of the sky and all particles
re rotated by 15 ◦ in this plane around the origin after the run.
he interaction strengthens spiral arms in Gal1int and tidal forces 
longate the stellar discs as Gal1int and Gal2int approach the 
rst pericentre passage. The elongation of Gal1int in the direction 

oining the centres of the interacting galaxies at first pericentre 
assage explains the intrinsic ellipticity and photometric PA observed 
or the stellar disc of NGC 2535. The distortion increases as the
nteraction progresses, with the outer parts of the discs being swept
p in the tidal tails. The top right-hand panel of Fig. 13 and its
lose-up view in the xy plane shown in the bottom right-hand
anel show the best match stellar configuration to the observed 
nteracting galaxies and happens when the satellite galaxy is past 
he first pericentre, halfway to the second closest passage. Besides 
he strong tidal arms, Gal1int has an ocular ring and spurs that result
rom spiral arms existing at earlier times. The spur that crosses
he bridge between Gal1int and Gal2int and the spur abo v e the
cular ring together with the bases of the tidal arms delineate an
lliptical arc. The elliptical arc, as described by Kaufman et al.
 1997 ), was not detected in their B - and I -band images despite
eing similar in shape and orientation to the outer isophotes of the
tellar disc of NGC 2535 in those images. This lead the authors to
uggest that this structure was a purely gaseous feature resulting 
rom a w ak e in the gas caused by the passage of the companion
ithin or close to the extended H I envelope of NGC 2535. The

tellar counterpart, as reproduced by our simulations, can be seen 
n the deep images of Fig. 1 ; the curved spurs of star-forming
egions crossing the tidal tails are the brightest parts of the arc
t its eastern and western boundaries. The structure was also 
etected in the UV images of Hancock et al. ( 2007 ). The simulated
solated galaxies at t = 0 . 39 Gyr are shown in the bottom left-
and and bottom middle panels of Fig. 13 . The regular circular
iscs of Gal1iso and Gal2iso contrast those of Gal1int and Gal2int
nd merely change their morphologies during the first 1 Gyr of
volution. The central densities of Gal1int and Gal2int increase 
ignificantly past the second pericentre passage at t = 0 . 49 Gyr as
heir separation shortens. The simulated interacting galaxies merge 
MNRAS 514, 2769–2792 (2022) 
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Figure 13. Temporal evolution of the stellar component of the simulated galaxies. Snapshots in the top and middle panels represent surface density maps of 
simulated interacting galaxies at selected times in the xy , yz , and xz planes. The xy plane is the plane of the sky. The best match configuration to observations 
occurs at t = 0 . 39 Gyr; it is best shown in the xy plane in the lowest rightmost snapshot. The lowest left and middle snapshots represent stellar surface density 
maps of the galaxies evolved in isolation at t = 0 . 39 Gyr. 
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t t = 0 . 83 Gyr to form a puffy remnant with shells and extended
idal arms. Although the best match to the observations happens
t t = 0 . 39 Gyr, we point out that Gal1int’s extended tidal arm, on
he anticompanion side, is not as open as in NGC 2535. Moreo v er,
al2int is not barred but this is due to the mild resolution of our

imulation (see discussion on the effect of resolution in Section 4.3.6
elow). 
NRAS 514, 2769–2792 (2022) 
.3.2 Kinematics and metal abundances 

he best match configuration for the gaseous component is presented
n Fig. 14 . The upper panel shows surface density maps of the
imulated galaxies. The other panels show the velocity maps, oxygen
bundance maps, and iron abundance maps, respectively, for the
ame galaxies, but only considering ionized gas. The ionized gas is

art/stac1486_f13.eps
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Figure 14. Gas surface density maps (first row), ionized gas velocity maps (second row), oxygen abundance maps (third row), and iron abundance maps (fourth 
row) for the simulated galaxies at t = 0 . 39 Gyr. 
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Figure 15. Velocity profiles (upper panel) and oxygen abundance profiles 
(middle panel) of Gal1int, Gal1iso, at t = 0 . 39 Gyr, and NGC 2535. The 
bottom panel shows the corresponding iron abundance profiles of Gal1int 
and Gal2int. 
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onfined in the tidal features described abo v e at t = 0 . 39 Gyr. The
elocity maps are obtained by plotting v z of the gas particles to which
e add the average (4121 km s −1 ) of the systemic velocities found

or NGC 2535 and NGC 2536. Before the first pericentre passage,
he lines of nodes of both Gal1int and Gal2int lie almost in the
ame direction. After the first pericentre passage, the gaseous disc of
al2int experiences multiple deformations and is shattered, losing
ig chunks in its periphery that latter re-accrete making it difficult
o analyse its rotation even though the central part of Gal2int in
he velocity map in Fig. 14 seems to indicate normal rotation. In
he metallicity maps, the gas re-accreting on Gal2int have a slightly
ower metallicity than the central part that exhibits an almost uniform
alue caused by mixing. The gaseous debris does not accumulate at
he tip of any tidal tail to form massi ve TDGs. Ne vertheless, gaseous
ondensations form after the third pericentre passage. Corresponding
 v erdensities in the stellar component can be seen in the snapshots of
ig. 13 at t = 0 . 65 Gyr near positions ( −1, 4.5), (2.5, 2.5), and (16,
.5) and t = 0 . 85 Gyr near positions ( −8, −1), (0, −3.5), and (6.5,
13.5). These objects survive until the end of the run. For Gal1int, the

ifferential rotation is still distinguishable up until the second peri-
entre passage. The line of nodes lies almost in the direction joining
he centres of Gal1int and Gal2int at the best match configuration.
his explains the offset between the kinematic and photometric PAs

n NGC 2535. After the second pericentre passage, the difference
etween velocities of the receding and approaching sides diminishes
onsiderably, leaving at the end of the run a slow rotating remanent.
he simulation reproduces satisfactorily the velocity and O/H distri-
utions of NGC 2535 when comparing the velocity maps and O/H
ap of Gal1int in Fig. 14 to those of NGC 2535 presented in Figs 4

nd 11 . 

.3.3 Local properties 

o investigate the local effects of the interaction, we conduct a radial
rofile analysis of the 2D velocity maps of Gal1int and Gal1iso
t t = 0 . 39 Gyr (using DISKFIT ) and of their 2D O/H maps. The
esults are shown in the top and middle panels of Fig. 15 . For
omparison purposes, we rederive the radial velocity profile of
GC 2535 to include the re gion be yond the ocular by constraining

ll kinematic parameters to the values reported in Table 2 . It is
nteresting to note that both Gal1int and NGC 2535 exhibit a steep
ecrease beyond ∼25 arcsec, whereas the velocity profile of Gal1iso
eaches a plateau. The decrease is not continuous but rather reflects
he constant velocities over long patches in the stretched tidal tails
aused by streaming motions. The same effect explains the constant
alues for the metallicity o v er long patches of the tidal tails as well.
lso of interest, there is a noticeable difference between the velocity
rofiles of Gal1int and Gal1iso in the inner ∼15 arcsec where the
mplitude is bigger in Gal1int. Earlier simulations hav e rev ealed that
cular wave in interacting galaxies results from the inflow and speed
p of material in the two quadrants that lose angular momentum as a
esult of a quasi-impulsive encounter at closest approach (Elmegreen
t al. 1991 , 1995 ; Struck 1999 ). This inflow accounts for both the
ensity increase and the centrifugal speed-up in Gal1int. The velocity
rofiles of Gal1int and NGC 2535 are very similar in shapes although
e point out a slight difference in radial velocity values in the inner

nd outer parts of the ionized gas discs. From Fig. 15 , Gal1int and
GC 2535 have similar oxygen abundance profiles as well, both

xhibiting a break beyond the radius of ∼25 arcsec albeit with a big
catter in NGC 2535 values, whereas the profile in Gal1iso could be
tted with a single slope. Inside this radius, O/H values of Gal1int
NRAS 514, 2769–2792 (2022) 
re systematically lower than the values of Gal1iso, although the
ifference is very little. Hence, the inner slopes of O/H versus radius
or Gal1int and Gal1iso would be comparable. Data points for the
/H profiles in the simulated galaxies are obtained by averaging
 v er concentric annuli (centre, PA, and ellipticity derived from
he kinematic analysis) and error bars correspond to the standard
eviation at a given radius. The data points from the observations
re measured abundances of the H II re gion comple x es detected in
GC 2535 and their corresponding uncertainties. O/H values o v er the

ntire disc of Gal2int are very close, predicting a shallow abundance
rofile, although the complexity and mismatch of the velocity map
o that of NGC 2536 does not allow us to carry out the same radial
nalysis on Gal2int. We also investigated the distribution of the iron
bundance in the simulated galaxies. The corresponding profiles,
hown in the bottom panel of Fig. 15 , are also obtained by averaging
Fe/H] values of Gal1int and Gal1iso o v er concentric annuli. [Fe/H]
istribution could be fitted with a single slope for Gal1iso and two
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Figure 16. Temporal evolution of global SF, stellar mass, gas mass, and average Fe/H and O/H in Gal1int + Gal2int, Gal1iso, and Gal2iso. 
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lopes for Gal1int. For the interacting galaxy, the outer slope, beyond 
he break radius, is still shallow. Inside the break radius, [Fe/H] values 
or Gal1int are still systematically lower than the values for Gal1iso 
ut the difference is more noticeable compared to the O/H values. 

.3.4 Global properties 

ig. 16 shows the time evolution of the global SFR, stellar and
aseous masses, and iron and oxygen abundances. Before the first 
ericentre passage, the total SFR in the interacting system is almost 
onstant at around 7 . 5 M � yr −1 and is comparable to the SFR in
al1iso. SFR in Gal2iso is negligible. The global SFR in isolated 
alaxies Gal1iso and Gal2iso stays almost constant throughout the 
un. After the first pericentre passage ( t = 0 . 25 Gyr), the global SFR
n Gal1int + Gal2int increases linearly to reach 12 . 3 M � yr −1 at
 = 0 . 39 Gyr, matching the value derived from observations. At this
oment, the total stellar mass is 5.73 × 10 10 M � and total gas
ass is 3 . 22 × 10 10 M �, of which 2.3 × 10 10 M � is hydrogen,
atching the estimated masses from observations. Right before the 

econd pericentre passage, at t = 0 . 43 Gyr, it increases significantly
o be 24 M � yr −1 at the second pericentre passage, at t = 0 . 49 Gyr.
he global SFR is 33 M � yr −1 by the time Gal1int and Gal2int
re at their third closest separation at t = 0 . 63 Gyr. Past the third
ericentre passage, the global SFR increases drastically to reach its 
eak at 74 M � yr −1 (10 times the corresponding value in Gal1int at
he same time) in only 0.04 Gyr. After this, it decreases linearly.
hen the galaxies have coalesced, at t = 0 . 83 Gyr, the value of the
FR of the system is comparable to that at the second pericentre
assage, three times lower the value at its peak. The evolution of
he stellar/gaseous masses in Gal1int + Gal2int is related to the
FR. The slope of the M � / M g versus time increase/decrease at t =
.25, 0.43, and 0 . 63 Gyr. After t = 0 . 67 Gyr, the changes in slopes
re moderate even if the gaseous mass is 70 per cent its initial
 alue: the av ailable gas is heated and is not used to form new stars.
he masses in the isolated galaxies change very little comparatively 

hroughout the run as the corresponding SFRs are low. The bottom
anels of Fig. 16 show the temporal evolution of O/H and Fe/H
v eraged o v er the entire systems (Gal1int + Gal2int, Gal1iso, and
al2iso). The evolution of O/H is closely related to the evolution
f the global SFR. At the beginning, O/H in Gal1int + Gal2int is
imilar to O/H in Gal1iso. O/H rises at rates that change almost at
he times, as discussed abo v e, where the global SFR accelerates but
ith a small delay. The evolution of Fe/H tends to be more steady,

ven in the isolated galaxies. These differences can be explained 
y the different lifetimes of Type II and Type Ia supernovae (SNe)
rogenitors. Since oxygen is mainly produced by Type II SNe, their
ery short lifetimes’ progenitors make the histories of SF and oxygen
nrichment correlated. Type Ia SNe, which mainly contribute to the 
roduction of iron, have very long lifetimes’ progenitors. Then, 
 significant fraction of iron is produced long after the SFR has
eached its peak, hence the notable difference between O/H and 
MNRAS 514, 2769–2792 (2022) 
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Figure 17. Temporal evolution of the central SFR (upper panel), iron and 
oxygen abundances (middle and lower panels, respectively) of Gal1int and 
Gal2int. 
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.3.5 Inside the central regions 

e also computed the central SFRs and metallicities to see how the
volution of these quantities compares to the global ones. Fig. 17
hows the history of the SFR, O/H, and Fe/H averaged over a
pherical region of radius 3 kpc centred on the centres of mass
f Gal1int and Gal2int. The central SFRs increase significantly at
he third pericentre passage but Gal2int exhibits a burst of central
F at the second pericentre passage. The central SFRs in Gal1int
nd Gal2int after the third pericentre passage account for more than
alf of the global SFR. We note that the central SFR in Gal1int is
ore sensitive to the separation between the galaxies after the third

ericentre passage as it exhibits enhancements when the galaxies
re at their closest passages. The central chemical evolution differs
rom the global one. Initially, there is a drop in O/H and Fe/H caused
y low-metallicity gas channelled to the centre. The effect is more
oticeable for Gal2int since the companion is more affected by the
idal forces as discussed abo v e. The production of oxygen and iron
NRAS 514, 2769–2792 (2022) 
but to a lesser extent) by Type II SNe compensates this initial drop.
he metal enrichment ends up surpassing the increase in hydrogen

n the centre and drives up the rise in the history of Fe/H and O/H.
his rise is correlated to the bursts of SF in Gal2int and Gal1int at the
econd and third pericentre passages, respectively. There is a change
f slope in O/H at t = 0 . 78 Gyr due to the decline of central SFRs at
he same time. Since iron is produced mainly by Type Ia SNe with
ong lifetimes’ progenitors, the change of slope does not happen in
he history of Fe/H. 

The limited resolution of the algorithm might be responsible for
he high central abundances that are reached by the end of the
imulation. The spike in SFR after the third pericentre passage should
ead to significant feedback, which would regulate SF. Ho we ver, the
ecrease in central SFR after the spike is quite slow, suggesting that,
nce the central gas density reaches a certain value, the simulation
nderestimates the strength of feedback at the current resolution. We
ote that this occurs long after the present time t = 0 . 39 Gyr. Hence,
his does not impact our comparison between the simulation and the
bservations. 

.3.6 Effect of the resolution of the numerical simulation 

n the previous sections, we presented a suite of three numerical
imulations: two of isolated galaxies, and one of interacting galaxies,
ith the goal of reproducing the observations of NGC 2535 and
GC 2536. To test the robustness of the comparison, we started
 fourth simulation of interacting galaxies, using the same initial
onditions but four times as many gas and dark matter particles.
he purpose of this high-resolution run is to allow a comparison
ith the low-resolution run and the observations at the present. We

re particularly interested in small morphological features that are
resent in the observations, but not reproduced in the low-resolution
imulation. Since the computational cost was getting e xcessiv e, we
id not push this new simulation beyond t = 0 . 39 Gyr. 
Fig. 18 shows snapshots at t = 0 . 39 Gyr of the stellar component

n the plane of the sky, for the original simulation and the higher res-
lution one. The morphological structures induced by the interaction
n the primary galaxy stand out more clearly in the higher resolution
imulation and the satellite galaxy displays a bar and spiral arms
hat are more tightly wound. Furthermore, the thin dense region in
he extended tidal arm on the anticompanion side is less curved and
ppears broken. The higher number of gas particles allows a better
ampling of higher gas density regions leading to more stars being
ormed. This explains the condensations or clumps in the stellar
omponents, visible in the tidal features at high resolution (yellow
pots in Fig. 18 ). 

In this first high-resolution simulation, the SFR is higher than
n the low-resolution one, because we did not adjust the value of
he parameter C ∗ in equation ( 4 ) to account for the fact that, at
igher resolution, the algorithm can resolve regions with higher gas
ensities. We defer this to future work, as our main objective here was
o assess the effect of resolution on the morphology of the system. 

 SUMMARY  A N D  C O N C L U S I O N S  

e presented kinematics and metallicity analysis of the interacting
air of star-forming galaxies Arp 82 using SITELLE data. We also
nvestigated the effects of the interaction using a numerical model
hat reproduces some of the properties of the interacting galaxies
GC 2535 and NGC 2536. The kinematics and photometry analysis
f NGC 2536 reveal that the satellite galaxy is barred. The observed
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Figure 18. Stellar component snapshots at t = 0 . 39 Gyr in the xy plane of the simulation presented in this work (left) and a higher resolution simulation (right). 
Top labels refer to the initial numbers of particles in the simulations. 
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elocity map of NGC 2535 is axisymmetric inside the ocular ring 
ith a small bump in the inner 10 arcsec (3 kpc). The numerical
odel reproduces the shape of this velocity profile. Comparison to 

he kinematics of the simulated primary galaxy evolved in isolation 
hows that the bump is induced by the interaction. An increase in
entral densities during the interaction drives the rise in central 
 elocities. Be yond the eye-shaped structure of NGC 2535, at r >
5 arcsec (7 kpc), we find strong streaming motions around the 
cular and along the tidal tails with constant v elocities o v er long
atches in the velocity map and a corresponding strong decrease 
n the velocity profile of the receding side at this radius. Peculiar
 elocities or v elocity kinks in the H α v elocity map of NGC 2535
ring out another structure with an elliptical shape. This elliptical 
rc is also detected in SITELLE deep images. The numerical model 
eproduces the observed ocular, the spurs around the ocular, the 
lliptical arc, and tidal tails and shows that these features are induced
y the interaction. It also reproduces the intrinsic ellipticity of the 
tellar disc of NGC 2535 induced by the interaction at the first close
ncounter in a direction almost perpendicular to the kinematic PA. In
act, these features are produced after the galaxies have experienced a 
rst collision, halfway in their race to a second collision. Tidal forces
t the first collision result in most of the outer gas of the satellite
alaxy being pulled off, and the inner gas disc experiencing several 
istortions. The subsequent mixing leaves the residual inner disc with 
n almost uniform value of metallicity with some of the remo v ed gas,
ith low metallicity, falling back on it. This could explain the very

hallow oxygen abundance radial profile observed for NGC 2536. For 
he primary galaxy, at the best match configuration, only the outer 
isc is affected, with the tidal tails showing constant metallicity o v er
ong patches. This results in a break in the metallicity profile, similar
o the one observed for NGC 2535. 

The numerical model also reproduces the observed global SFR 

f Arp 82 and its total stellar/gas mass. The global SFR is about
ne and a half times that of the primary galaxy evolved in isolation.
he corresponding central SFRs are not important, meaning that 

he induced SF is spatially extended. The central oxygen abundance 
f the satellite galaxy is lower compared to its initial value and its
/H radial profile is flattened by the interaction. Ho we ver, for the
rimary galaxy, the central oxygen abundance does not change much 
rom its initial value and its O/H radial profile, inside the ocular, is
omparable to that of normal isolated star-forming galaxies. The 
lobal SFR in the simulation reaches its peak when the two galaxies
re still separated. At its peak, the global SFR is about 10 times
ts value in the primary galaxy evolved in isolation, consistent with
hat is measured for bright local starbursts. When the galaxies have
erged, the global SFR is three times lower compared to its peak

alue. The results presented in this work show that the changes
nduced by the interaction are a function of the interaction stage and
alaxies properties. Early statistical studies investigated properties of 
nteracting galaxies based on pair separations and relative velocity. 
ince the projected distance between pairs of galaxies does not really
epresent their physical separations and is not correlated to the inter-
ction stage, detailed studies of specific nearby systems are crucial 
or a better characterization of the properties of interacting galaxies. 
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Figure A1. Top: flux maps of spectral lines extracted from data cubes. Bottom: velocity dispersion and velocity uncertainty maps; only pixels with H α fluxes > 

2 × 10 −17 erg s −1 cm 

−2 , SNR > 3, and measured velocity uncertainties < 20 km s −1 are displayed. 
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Table A1. Positions and fluxes (uncorrected for reddening) of the H II region complexes detected in Arp 82. Fluxes are in units of 10 −16 erg s −1 cm 

−2 . 

Region ID RA Dec. [O II ] λ3727 H β [O III ] λ5007 H α [N II ] λ6583 [S II ] λ6716 [S II ] λ6731 

1 8 h 11 m 17 s + 25 ◦12 
′ 
29 

′′ 
0.85 ± 0.82 0.95 ± 0.20 0.39 ± 0.20 2.53 ± 0.30 0.37 ± 0.20 0.66 ± 0.22 0.24 ± 0.21 

2 8 h 11 m 17 s + 25 ◦12 
′ 
06 

′′ 
2.62 ± 0.77 1.16 ± 0.25 2.82 ± 0.26 4.48 ± 0.21 0.26 ± 0.20 0.93 ± 0.22 0.31 ± 0.22 

3 8 h 11 m 17 s + 25 ◦10 
′ 
35 

′′ 
4.06 ± 0.91 2.11 ± 0.25 3.65 ± 0.26 7.27 ± 0.32 0.50 ± 0.30 0.73 ± 0.33 0.54 ± 0.33 

4 8 h 11 m 16 s + 25 ◦10 
′ 
40 

′′ 
0.82 ± 0.50 0.67 ± 0.16 0.67 ± 0.16 2.09 ± 0.16 0.05 ± 0.16 0.35 ± 0.17 0.43 ± 0.17 

5 8 h 11 m 16 s + 25 ◦10 
′ 
42 

′′ 
0.93 ± 0.56 0.39 ± 0.16 0.63 ± 0.16 2.01 ± 0.35 0.27 ± 0.23 0.46 ± 0.25 0.46 ± 0.25 

6 8 h 11 m 16 s + 25 ◦11 
′ 
02 

′′ 
3.87 ± 1.12 2.07 ± 0.36 4.11 ± 0.37 6.19 ± 0.38 0.84 ± 0.36 1.07 ± 0.40 0.78 ± 0.40 

7 8 h 11 m 16 s + 25 ◦10 
′ 
47 

′′ 
6.44 ± 1.32 3.58 ± 0.55 4.27 ± 0.55 21.95 ± 0.82 5.58 ± 0.55 5.40 ± 0.60 3.35 ± 0.59 

8 8 h 11 m 16 s + 25 ◦10 
′ 
46 

′′ 
8.10 ± 0.89 6.53 ± 0.34 8.32 ± 0.35 28.53 ± 0.70 6.31 ± 0.46 5.77 ± 0.50 3.40 ± 0.49 

9 8 h 11 m 16 s + 25 ◦10 
′ 
32 

′′ 
2.67 ± 0.74 0.67 ± 0.26 1.31 ± 0.26 4.03 ± 0.44 0.57 ± 0.29 1.22 ± 0.33 0.90 ± 0.32 

10 8 h 11 m 16 s + 25 ◦10 
′ 
42 

′′ 
24.15 ± 1.62 17.07 ± 0.61 17.10 ± 0.62 66.62 ± 1.34 17.12 ± 0.90 14.09 ± 0.96 9.64 ± 0.95 

11 8 h 11 m 16 s + 25 ◦10 
′ 
58 

′′ 
5.97 ± 0.87 4.35 ± 0.45 4.00 ± 0.46 19.08 ± 0.73 3.58 ± 0.47 2.80 ± 0.51 3.02 ± 0.52 

12 8 h 11 m 16 s + 25 ◦10 
′ 
45 

′′ 
39.83 ± 2.42 29.75 ± 0.98 21.68 ± 0.99 139.36 ± 2.76 37.01 ± 1.86 31.79 ± 1.99 23.64 ± 1.98 

13 8 h 11 m 16 s + 25 ◦11 
′ 
25 

′′ 
4.44 ± 0.93 1.35 ± 0.32 4.06 ± 0.33 6.35 ± 0.32 0.81 ± 0.30 1.31 ± 0.33 0.89 ± 0.33 

14 8 h 11 m 16 s + 25 ◦12 
′ 
27 

′′ 
1.09 ± 0.37 0.13 ± 0.15 0.84 ± 0.15 1.05 ± 0.24 0.31 ± 0.16 0.27 ± 0.17 0.19 ± 0.17 

15 8 h 11 m 16 s + 25 ◦10 
′ 
49 

′′ 
227.06 ± 10.64 193.52 ± 4.32 157.50 ± 4.38 849.61 ± 13.82 219.32 ± 9.20 137.10 ± 9.77 98.98 ± 9.75 

16 8 h 11 m 16 s + 25 ◦10 
′ 
54 

′′ 
6.97 ± 0.95 3.41 ± 0.36 5.70 ± 0.37 17.35 ± 0.64 4.55 ± 0.42 3.46 ± 0.45 2.58 ± 0.45 

17 8 h 11 m 16 s + 25 ◦10 
′ 
44 

′′ 
66.38 ± 4.63 46.57 ± 2.27 32.07 ± 2.30 217.69 ± 4.20 69.50 ± 2.90 55.56 ± 3.08 39.59 ± 3.04 

18 8 h 11 m 15 s + 25 ◦12 
′ 
19 

′′ 
4.40 ± 0.92 1.85 ± 0.28 1.51 ± 0.28 6.01 ± 0.51 0.84 ± 0.34 1.81 ± 0.38 1.00 ± 0.37 

19 8 h 11 m 15 s + 25 ◦10 
′ 
39 

′′ 
4.30 ± 1.08 2.06 ± 0.35 1.87 ± 0.35 11.19 ± 0.61 3.10 ± 0.41 2.86 ± 0.44 1.55 ± 0.43 

20 8 h 11 m 15 s + 25 ◦10 
′ 
44 

′′ 
19.29 ± 2.05 9.70 ± 0.97 9.35 ± 0.98 52.97 ± 1.32 16.58 ± 0.90 12.64 ± 0.96 10.41 ± 0.95 

21 8 h 11 m 15 s + 25 ◦10 
′ 
49 

′′ 
7.03 ± 0.95 2.16 ± 0.47 2.92 ± 0.47 19.58 ± 0.74 6.28 ± 0.51 4.81 ± 0.54 4.09 ± 0.54 

22 8 h 11 m 15 s + 25 ◦12 
′ 
17 

′′ 
5.95 ± 1.29 3.80 ± 0.39 4.84 ± 0.40 14.08 ± 0.45 3.47 ± 0.43 2.59 ± 0.47 2.36 ± 0.48 

23 8 h 11 m 15 s + 25 ◦12 
′ 
34 

′′ 
0.15 ± 0.48 0.70 ± 0.18 0.06 ± 0.19 1.71 ± 0.26 0.24 ± 0.17 0.45 ± 0.19 0.23 ± 0.19 

24 8 h 11 m 15 s + 25 ◦10 
′ 
53 

′′ 
3.61 ± 0.81 2.15 ± 0.41 6.78 ± 0.42 9.65 ± 0.51 0.92 ± 0.33 1.66 ± 0.36 1.47 ± 0.36 

25 8 h 11 m 15 s + 25 ◦10 
′ 
47 

′′ 
23.89 ± 2.69 11.66 ± 1.44 12.27 ± 1.46 76.11 ± 2.28 24.18 ± 1.57 18.81 ± 1.66 14.18 ± 1.65 

26 8 h 11 m 15 s + 25 ◦11 
′ 
21 

′′ 
0.78 ± 0.51 0.59 ± 0.17 0.49 ± 0.18 2.27 ± 0.19 0.21 ± 0.18 0.07 ± 0.20 0.24 ± 0.20 

27 8 h 11 m 15 s + 25 ◦12 
′ 
14 

′′ 
2.44 ± 1.04 2.25 ± 0.32 0.96 ± 0.33 6.11 ± 0.53 1.40 ± 0.36 2.61 ± 0.41 0.94 ± 0.39 

28 8 h 11 m 15 s + 25 ◦12 
′ 
37 

′′ 
23.94 ± 2.60 25.06 ± 1.05 12.36 ± 1.06 105.53 ± 2.20 31.05 ± 1.50 23.15 ± 1.59 14.57 ± 1.58 

29 8 h 11 m 15 s + 25 ◦10 
′ 
38 

′′ 
5.73 ± 0.96 3.44 ± 0.38 3.31 ± 0.38 17.94 ± 0.66 4.16 ± 0.43 2.01 ± 0.46 2.07 ± 0.46 

30 8 h 11 m 15 s + 25 ◦11 
′ 
08 

′′ 
2.54 ± 1.01 2.03 ± 0.32 2.34 ± 0.33 6.32 ± 0.29 1.06 ± 0.28 0.72 ± 0.31 0.46 ± 0.31 

31 8 h 11 m 15 s + 25 ◦12 
′ 
33 

′′ 
5.76 ± 1.17 3.26 ± 0.41 2.56 ± 0.41 20.38 ± 0.68 7.11 ± 0.47 5.12 ± 0.49 2.75 ± 0.49 

32 8 h 11 m 15 s + 25 ◦11 
′ 
22 

′′ 
0.53 ± 0.51 0.27 ± 0.12 0.29 ± 0.12 1.05 ± 0.14 0.28 ± 0.13 0.17 ± 0.14 0.17 ± 0.14 

33 8 h 11 m 15 s + 25 ◦12 
′ 
45 

′′ 
47.54 ± 3.80 33.74 ± 1.33 44.92 ± 1.34 147.09 ± 3.02 35.75 ± 2.01 30.49 ± 2.17 21.21 ± 2.16 

34 8 h 11 m 15 s + 25 ◦12 
′ 
40 

′′ 
8.84 ± 1.30 6.47 ± 0.41 5.63 ± 0.41 34.36 ± 0.80 9.76 ± 0.54 7.94 ± 0.58 5.08 ± 0.57 

35 8 h 11 m 15 s + 25 ◦10 
′ 
42 

′′ 
27.78 ± 2.60 23.81 ± 1.00 16.32 ± 1.02 115.61 ± 2.06 28.90 ± 1.37 23.59 ± 1.47 16.73 ± 1.46 

36 8 h 11 m 15 s + 25 ◦12 
′ 
50 

′′ 
73.97 ± 4.50 58.12 ± 1.56 53.88 ± 1.58 271.65 ± 4.41 66.57 ± 2.94 52.35 ± 3.16 34.85 ± 3.14 

37 8 h 11 m 15 s + 25 ◦12 
′ 
28 

′′ 
160.22 ± 7.61 148.85 ± 3.43 81.74 ± 3.47 710.13 ± 12.64 213.33 ± 8.61 141.99 ± 9.09 96.33 ± 9.04 

38 8 h 11 m 15 s + 25 ◦11 
′ 
11 

′′ 
6.96 ± 1.14 4.30 ± 0.40 6.50 ± 0.41 15.23 ± 0.66 2.60 ± 0.42 2.53 ± 0.46 1.02 ± 0.46 

39 8 h 11 m 15 s + 25 ◦10 
′ 
41 

′′ 
12.09 ± 1.79 7.36 ± 0.50 6.87 ± 0.51 41.25 ± 1.15 10.37 ± 0.76 9.36 ± 0.83 6.26 ± 0.82 

40 8 h 11 m 15 s + 25 ◦12 
′ 
55 

′′ 
19.45 ± 1.84 16.64 ± 0.69 14.08 ± 0.70 72.31 ± 1.46 16.58 ± 0.96 11.84 ± 1.04 9.82 ± 1.04 

41 8 h 11 m 14 s + 25 ◦12 
′ 
19 

′′ 
219.75 ± 9.47 206.28 ± 4.04 157.01 ± 4.09 917.89 ± 15.75 251.82 ± 10.56 155.91 ± 11.19 104.73 ± 11.16 

42 8 h 11 m 14 s + 25 ◦12 
′ 
38 

′′ 
3.61 ± 1.22 4.08 ± 0.46 1.71 ± 0.47 19.93 ± 0.82 7.11 ± 0.58 5.15 ± 0.61 2.38 ± 0.59 

43 8 h 11 m 14 s + 25 ◦10 
′ 
36 

′′ 
1.00 ± 0.60 0.41 ± 0.23 0.52 ± 0.23 2.80 ± 0.40 0.55 ± 0.26 0.44 ± 0.28 0.55 ± 0.29 

44 8 h 11 m 14 s + 25 ◦10 
′ 
55 

′′ 
1.74 ± 0.55 0.22 ± 0.20 1.33 ± 0.20 1.34 ± 0.16 0.02 ± 0.16 0.42 ± 0.17 0.73 ± 0.17 

45 8 h 11 m 14 s + 25 ◦12 
′ 
41 

′′ 
3.27 ± 1.04 3.64 ± 0.40 2.21 ± 0.41 14.99 ± 0.59 4.11 ± 0.40 2.81 ± 0.42 2.38 ± 0.42 

46 8 h 11 m 14 s + 25 ◦12 
′ 
00 

′′ 
1.35 ± 0.79 0.40 ± 0.23 0.62 ± 0.24 3.61 ± 0.28 0.73 ± 0.27 0.95 ± 0.29 0.28 ± 0.30 

47 8 h 11 m 14 s + 25 ◦12 
′ 
43 

′′ 
9.00 ± 1.67 5.49 ± 0.72 4.72 ± 0.73 33.50 ± 1.12 10.88 ± 0.77 8.59 ± 0.82 6.68 ± 0.82 

48 8 h 11 m 14 s + 25 ◦12 
′ 
13 

′′ 
4.58 ± 0.99 4.20 ± 0.32 2.63 ± 0.32 15.17 ± 0.55 4.26 ± 0.37 4.48 ± 0.41 2.93 ± 0.40 

49 8 h 11 m 14 s + 25 ◦13 
′ 
00 

′′ 
5.11 ± 1.50 1.75 ± 0.41 0.53 ± 0.41 9.96 ± 0.71 1.79 ± 0.47 3.06 ± 0.52 1.35 ± 0.51 

50 8 h 11 m 14 s + 25 ◦11 
′ 
00 

′′ 
0.72 ± 0.56 0.38 ± 0.17 0.13 ± 0.17 1.35 ± 0.28 0.22 ± 0.19 0.53 ± 0.22 0.30 ± 0.21 

51 8 h 11 m 14 s + 25 ◦13 
′ 
02 

′′ 
1.12 ± 0.57 0.63 ± 0.21 0.81 ± 0.21 3.07 ± 0.21 0.54 ± 0.20 0.11 ± 0.22 0.42 ± 0.22 

52 8 h 11 m 14 s + 25 ◦12 
′ 
18 

′′ 
6.31 ± 1.12 8.04 ± 0.56 2.03 ± 0.57 33.45 ± 0.99 11.71 ± 0.69 6.50 ± 0.71 4.16 ± 0.71 

53 8 h 11 m 14 s + 25 ◦12 
′ 
27 

′′ 
3.36 ± 1.82 6.42 ± 0.70 2.21 ± 0.71 31.38 ± 1.31 10.04 ± 0.90 5.77 ± 0.94 5.86 ± 0.95 

54 8 h 11 m 14 s + 25 ◦12 
′ 
21 

′′ 
2.56 ± 1.33 1.63 ± 0.53 0.02 ± 0.53 10.30 ± 0.51 3.42 ± 0.48 2.80 ± 0.53 0.89 ± 0.54 

55 8 h 11 m 14 s + 25 ◦12 
′ 
12 

′′ 
56.28 ± 3.85 43.88 ± 1.39 39.68 ± 1.41 168.37 ± 3.26 45.07 ± 2.19 36.14 ± 2.34 22.97 ± 2.32 

56 8 h 11 m 14 s + 25 ◦11 
′ 
05 

′′ 
6.15 ± 1.86 3.23 ± 0.43 7.82 ± 0.44 14.43 ± 0.77 1.47 ± 0.49 2.53 ± 0.55 2.06 ± 0.54 

57 8 h 11 m 14 s + 25 ◦12 
′ 
39 

′′ 
4.61 ± 1.43 2.14 ± 0.52 1.43 ± 0.52 11.29 ± 0.69 4.10 ± 0.48 2.54 ± 0.50 2.41 ± 0.50 

58 8 h 11 m 14 s + 25 ◦12 
′ 
28 

′′ 
1.81 ± 1.12 1.27 ± 0.45 0.31 ± 0.45 4.38 ± 0.41 1.88 ± 0.39 1.07 ± 0.43 1.06 ± 0.43 
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SITELLE view of galaxies Arp 82 2791 

MNRAS 514, 2769–2792 (2022) 

Table A1 – continued 

Region ID RA Dec. [O II ] λ3727 H β [O III ] λ5007 H α [N II ] λ6583 [S II ] λ6716 [S II ] λ6731 

59 8 h 11 m 14 s + 25 ◦12 
′ 
58 

′′ 
0.69 ± 0.59 0.81 ± 0.20 0.79 ± 0.20 2.38 ± 0.20 0.31 ± 0.19 0.60 ± 0.21 0.45 ± 0.21 

60 8 h 11 m 14 s + 25 ◦13 
′ 
06 

′′ 
38.02 ± 2.23 26.73 ± 0.96 48.28 ± 0.97 98.32 ± 1.79 15.57 ± 1.17 17.73 ± 1.28 10.29 ± 1.27 

61 8 h 11 m 14 s + 25 ◦12 
′ 
03 

′′ 
20.88 ± 2.30 15.13 ± 0.77 12.65 ± 0.78 53.66 ± 1.07 13.75 ± 1.02 12.30 ± 1.12 6.30 ± 1.13 

62 8 h 11 m 14 s + 25 ◦11 
′ 
11 

′′ 
1.27 ± 0.65 0.59 ± 0.22 1.02 ± 0.23 3.08 ± 0.29 0.64 ± 0.19 0.61 ± 0.20 0.14 ± 0.20 

63 8 h 11 m 14 s + 25 ◦12 
′ 
45 

′′ 
24.13 ± 2.67 16.32 ± 0.94 10.10 ± 0.96 75.30 ± 1.58 21.56 ± 1.06 14.85 ± 1.13 11.43 ± 1.13 

64 8 h 11 m 14 s + 25 ◦12 
′ 
25 

′′ 
1.69 ± 0.80 0.73 ± 0.40 0.73 ± 0.40 4.59 ± 0.33 1.69 ± 0.32 1.62 ± 0.35 0.58 ± 0.35 

65 8 h 11 m 14 s + 25 ◦11 
′ 
14 

′′ 
26.49 ± 1.97 19.46 ± 0.94 46.96 ± 0.95 77.23 ± 1.38 11.02 ± 0.89 10.54 ± 0.97 7.72 ± 0.97 

66 8 h 11 m 14 s + 25 ◦11 
′ 
37 

′′ 
0.21 ± 0.60 0.20 ± 0.18 0.37 ± 0.18 1.29 ± 0.29 0.27 ± 0.19 0.24 ± 0.21 0.25 ± 0.21 

67 8 h 11 m 14 s + 25 ◦12 
′ 
03 

′′ 
2.36 ± 0.77 1.32 ± 0.24 0.66 ± 0.24 6.08 ± 0.27 1.63 ± 0.25 1.25 ± 0.28 0.94 ± 0.28 

68 8 h 11 m 14 s + 25 ◦12 
′ 
30 

′′ 
1.98 ± 0.85 0.53 ± 0.40 0.34 ± 0.40 4.98 ± 0.37 2.45 ± 0.35 1.33 ± 0.38 1.13 ± 0.39 

69 8 h 11 m 14 s + 25 ◦13 
′ 
09 

′′ 
190.39 ± 8.09 154.10 ± 5.24 419.99 ± 5.30 632.79 ± 10.38 84.14 ± 6.69 67.19 ± 7.27 47.69 ± 7.28 

70 8 h 11 m 14 s + 25 ◦12 
′ 
48 

′′ 
1.32 ± 0.54 1.01 ± 0.19 0.97 ± 0.19 4.21 ± 0.20 1.18 ± 0.19 0.66 ± 0.21 0.62 ± 0.21 

71 8 h 11 m 13 s + 25 ◦12 
′ 
11 

′′ 
50.04 ± 4.02 56.22 ± 1.91 20.24 ± 1.94 226.10 ± 4.88 69.23 ± 3.32 45.16 ± 3.50 24.98 ± 3.47 

72 8 h 11 m 13 s + 25 ◦12 
′ 
44 

′′ 
0.94 ± 0.58 1.32 ± 0.22 0.37 ± 0.22 3.39 ± 0.35 1.17 ± 0.25 1.41 ± 0.28 1.06 ± 0.27 

73 8 h 11 m 13 s + 25 ◦11 
′ 
17 

′′ 
1.31 ± 0.52 0.40 ± 0.21 0.54 ± 0.22 2.56 ± 0.35 0.62 ± 0.23 0.82 ± 0.26 0.16 ± 0.25 

74 8 h 11 m 13 s + 25 ◦13 
′ 
11 

′′ 
4.66 ± 0.61 3.45 ± 0.23 6.20 ± 0.24 13.42 ± 0.44 2.03 ± 0.29 2.09 ± 0.31 1.24 ± 0.31 

75 8 h 11 m 13 s + 25 ◦12 
′ 
27 

′′ 
0.64 ± 0.61 0.24 ± 0.31 0.40 ± 0.31 2.45 ± 0.34 1.28 ± 0.32 0.98 ± 0.35 0.03 ± 0.35 

76 8 h 11 m 13 s + 25 ◦11 
′ 
13 

′′ 
2.19 ± 0.90 1.46 ± 0.25 2.17 ± 0.25 6.20 ± 0.41 1.00 ± 0.27 1.39 ± 0.30 0.61 ± 0.29 

77 8 h 11 m 13 s + 25 ◦12 
′ 
33 

′′ 
16.60 ± 3.09 21.07 ± 1.28 6.24 ± 1.30 92.36 ± 2.41 30.30 ± 1.65 16.97 ± 1.72 9.86 ± 1.71 

78 8 h 11 m 13 s + 25 ◦12 
′ 
46 

′′ 
3.27 ± 1.01 1.89 ± 0.37 2.00 ± 0.37 8.69 ± 0.41 3.00 ± 0.39 2.13 ± 0.43 1.50 ± 0.43 

79 8 h 11 m 13 s + 25 ◦13 
′ 
12 

′′ 
7.54 ± 0.94 4.35 ± 0.37 8.35 ± 0.37 17.82 ± 0.59 3.23 ± 0.38 2.64 ± 0.42 1.47 ± 0.42 

80 8 h 11 m 13 s + 25 ◦11 
′ 
33 

′′ 
0.81 ± 0.67 0.46 ± 0.24 0.97 ± 0.24 2.27 ± 0.31 0.97 ± 0.23 0.47 ± 0.23 0.44 ± 0.23 

81 8 h 11 m 13 s + 25 ◦13 
′ 
07 

′′ 
0.65 ± 0.44 0.83 ± 0.16 1.09 ± 0.16 2.16 ± 0.26 0.51 ± 0.17 0.48 ± 0.19 0.38 ± 0.18 

82 8 h 11 m 13 s + 25 ◦11 
′ 
38 

′′ 
3.46 ± 0.97 2.04 ± 0.30 1.01 ± 0.30 7.02 ± 0.60 2.70 ± 0.43 1.85 ± 0.45 2.04 ± 0.45 

83 8 h 11 m 13 s + 25 ◦12 
′ 
25 

′′ 
32.33 ± 5.20 89.28 ± 4.15 15.23 ± 4.20 557.20 ± 12.08 225.93 ± 8.61 75.84 ± 8.60 59.13 ± 8.60 

84 8 h 11 m 13 s + 25 ◦12 
′ 
39 

′′ 
2.20 ± 1.05 0.96 ± 0.49 1.34 ± 0.49 5.08 ± 0.68 2.65 ± 0.52 1.72 ± 0.52 0.61 ± 0.51 

85 8 h 11 m 13 s + 25 ◦12 
′ 
03 

′′ 
1.88 ± 0.81 0.75 ± 0.36 0.93 ± 0.37 3.69 ± 0.32 1.05 ± 0.30 1.08 ± 0.34 1.05 ± 0.34 

86 8 h 11 m 13 s + 25 ◦12 
′ 
45 

′′ 
3.83 ± 0.94 2.22 ± 0.38 2.63 ± 0.39 11.19 ± 0.61 3.65 ± 0.42 3.03 ± 0.45 2.91 ± 0.45 

87 8 h 11 m 13 s + 25 ◦11 
′ 
24 

′′ 
12.91 ± 1.90 6.32 ± 0.80 8.38 ± 0.82 29.27 ± 1.16 8.13 ± 0.78 6.80 ± 0.84 4.29 ± 0.83 

88 8 h 11 m 13 s + 25 ◦12 
′ 
33 

′′ 
1.11 ± 0.68 0.08 ± 0.29 0.69 ± 0.30 4.05 ± 0.46 1.81 ± 0.33 0.17 ± 0.32 0.22 ± 0.32 

89 8 h 11 m 13 s + 25 ◦12 
′ 
42 

′′ 
1.92 ± 0.46 1.52 ± 0.24 0.39 ± 0.24 4.17 ± 0.25 1.77 ± 0.24 1.22 ± 0.26 0.71 ± 0.26 

90 8 h 11 m 13 s + 25 ◦13 
′ 
04 

′′ 
1.43 ± 0.54 0.31 ± 0.23 0.82 ± 0.24 2.62 ± 0.35 0.38 ± 0.23 0.49 ± 0.25 0.41 ± 0.25 

91 8 h 11 m 13 s + 25 ◦11 
′ 
43 

′′ 
2.70 ± 0.78 1.07 ± 0.28 0.22 ± 0.29 5.09 ± 0.50 1.86 ± 0.35 1.09 ± 0.37 0.55 ± 0.36 

92 8 h 11 m 13 s + 25 ◦12 
′ 
10 

′′ 
3.77 ± 1.32 1.71 ± 0.55 1.74 ± 0.56 12.36 ± 0.98 4.06 ± 0.67 3.37 ± 0.72 1.11 ± 0.70 

93 8 h 11 m 13 s + 25 ◦12 
′ 
15 

′′ 
3.60 ± 1.96 3.95 ± 1.37 2.41 ± 1.38 12.55 ± 1.77 3.80 ± 1.21 2.64 ± 1.29 2.90 ± 1.30 

94 8 h 11 m 13 s + 25 ◦12 
′ 
33 

′′ 
2.95 ± 1.32 1.58 ± 0.54 0.32 ± 0.55 10.82 ± 0.78 4.08 ± 0.55 3.65 ± 0.59 0.86 ± 0.57 

95 8 h 11 m 13 s + 25 ◦11 
′ 
21 

′′ 
28.35 ± 2.29 17.82 ± 0.93 23.76 ± 0.94 60.28 ± 1.57 12.55 ± 1.03 14.08 ± 1.13 9.80 ± 1.12 

96 8 h 11 m 13 s + 25 ◦12 
′ 
13 

′′ 
4.65 ± 1.32 1.01 ± 0.64 0.12 ± 0.65 9.40 ± 0.49 3.57 ± 0.47 3.04 ± 0.51 1.96 ± 0.52 

97 8 h 11 m 13 s + 25 ◦12 
′ 
25 

′′ 
5.31 ± 1.84 3.93 ± 0.82 0.87 ± 0.83 23.42 ± 1.22 8.30 ± 0.84 4.07 ± 0.87 3.46 ± 0.87 

98 8 h 11 m 13 s + 25 ◦11 
′ 
27 

′′ 
30.09 ± 2.79 18.92 ± 1.11 21.08 ± 1.12 72.42 ± 1.82 15.16 ± 1.20 16.83 ± 1.31 11.94 ± 1.30 

99 8 h 11 m 12 s + 25 ◦13 
′ 
05 

′′ 
19.65 ± 1.79 8.92 ± 0.57 15.03 ± 0.57 34.79 ± 0.93 4.18 ± 0.60 4.96 ± 0.66 4.90 ± 0.66 

100 8 h 11 m 12 s + 25 ◦11 
′ 
31 

′′ 
2.60 ± 0.81 1.98 ± 0.27 2.10 ± 0.27 6.95 ± 0.44 2.22 ± 0.30 1.72 ± 0.32 1.65 ± 0.32 

101 8 h 11 m 12 s + 25 ◦12 
′ 
38 

′′ 
23.88 ± 2.30 14.92 ± 0.87 17.10 ± 0.88 66.13 ± 1.68 18.21 ± 1.13 14.04 ± 1.21 10.37 ± 1.21 

102 8 h 11 m 12 s + 25 ◦12 
′ 
41 

′′ 
3.87 ± 0.67 2.23 ± 0.22 1.48 ± 0.22 10.00 ± 0.45 2.51 ± 0.30 2.10 ± 0.32 1.52 ± 0.32 

103 8 h 11 m 12 s + 25 ◦12 
′ 
35 

′′ 
18.30 ± 2.01 13.61 ± 0.65 6.93 ± 0.66 60.43 ± 1.49 20.20 ± 1.03 12.19 ± 1.07 8.51 ± 1.07 

104 8 h 11 m 12 s + 25 ◦12 
′ 
15 

′′ 
3.11 ± 1.07 1.87 ± 0.46 0.56 ± 0.46 9.42 ± 0.93 4.35 ± 0.68 2.15 ± 0.68 1.75 ± 0.68 

105 8 h 11 m 12 s + 25 ◦12 
′ 
08 

′′ 
38.11 ± 3.56 38.74 ± 1.32 20.43 ± 1.33 150.90 ± 3.20 43.08 ± 2.16 28.97 ± 2.29 19.53 ± 2.28 

106 8 h 11 m 12 s + 25 ◦11 
′ 
34 

′′ 
16.11 ± 1.83 10.64 ± 0.57 10.55 ± 0.58 38.04 ± 1.21 8.39 ± 0.80 9.75 ± 0.88 6.42 ± 0.87 

107 8 h 11 m 12 s + 25 ◦12 
′ 
33 

′′ 
18.58 ± 2.54 14.39 ± 1.00 7.13 ± 1.02 72.49 ± 2.02 27.35 ± 1.43 16.80 ± 1.47 10.78 ± 1.46 

108 8 h 11 m 12 s + 25 ◦11 
′ 
37 

′′ 
13.05 ± 1.78 8.38 ± 0.56 7.99 ± 0.57 35.60 ± 0.97 8.34 ± 0.65 8.83 ± 0.70 6.24 ± 0.70 

109 8 h 11 m 12 s + 25 ◦12 
′ 
19 

′′ 
0.86 ± 0.65 0.25 ± 0.32 0.52 ± 0.33 4.27 ± 0.30 1.36 ± 0.29 0.59 ± 0.31 0.41 ± 0.32 

110 8 h 11 m 12 s + 25 ◦12 
′ 
17 

′′ 
1.31 ± 0.69 0.18 ± 0.31 0.25 ± 0.31 4.50 ± 0.46 1.45 ± 0.31 0.53 ± 0.32 0.22 ± 0.32 

111 8 h 11 m 12 s + 25 ◦12 
′ 
21 

′′ 
1.01 ± 0.87 1.20 ± 0.39 1.01 ± 0.40 7.26 ± 0.64 3.12 ± 0.47 0.47 ± 0.46 1.19 ± 0.47 

112 8 h 11 m 12 s + 25 ◦11 
′ 
40 

′′ 
26.17 ± 2.56 16.21 ± 0.99 17.88 ± 1.00 76.04 ± 1.90 18.77 ± 1.27 20.14 ± 1.39 12.95 ± 1.37 

113 8 h 11 m 12 s + 25 ◦11 
′ 
48 

′′ 
1.06 ± 0.40 0.57 ± 0.18 0.31 ± 0.19 1.31 ± 0.18 0.31 ± 0.18 0.36 ± 0.19 0.10 ± 0.19 

114 8 h 11 m 12 s + 25 ◦12 
′ 
33 

′′ 
12.24 ± 1.82 6.25 ± 0.79 6.44 ± 0.80 33.06 ± 1.25 9.01 ± 0.84 8.45 ± 0.91 6.61 ± 0.90 

115 8 h 11 m 12 s + 25 ◦11 
′ 
27 

′′ 
4.41 ± 1.75 3.55 ± 0.47 3.96 ± 0.47 11.92 ± 0.83 1.60 ± 0.55 2.82 ± 0.61 2.11 ± 0.60 

116 8 h 11 m 12 s + 25 ◦12 
′ 
16 

′′ 
10.01 ± 2.43 9.95 ± 0.94 3.92 ± 0.96 46.25 ± 1.69 14.95 ± 1.16 7.90 ± 1.20 4.59 ± 1.20 

117 8 h 11 m 12 s + 25 ◦13 
′ 
01 

′′ 
2.54 ± 0.86 1.78 ± 0.31 1.85 ± 0.32 6.23 ± 0.35 1.17 ± 0.33 1.43 ± 0.37 1.06 ± 0.37 
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2792 P. Karera et al. 

MNRAS 514, 2769–2792 (2022) 

Table A1 – continued 

Region ID RA Dec. [O II ] λ3727 H β [O III ] λ5007 H α [N II ] λ6583 [S II ] λ6716 [S II ] λ6731 

118 8 h 11 m 12 s + 25 ◦12 
′ 
25 

′′ 
146.59 ± 6.80 165.40 ± 3.27 73.34 ± 3.31 703.78 ± 12.84 218.57 ± 8.76 118.42 ± 9.16 81.45 ± 9.13 

119 8 h 11 m 12 s + 25 ◦11 
′ 
45 

′′ 
5.30 ± 1.28 1.49 ± 0.40 2.35 ± 0.40 12.32 ± 0.63 3.07 ± 0.42 3.72 ± 0.47 2.46 ± 0.46 

120 8 h 11 m 12 s + 25 ◦12 
′ 
06 

′′ 
6.71 ± 1.21 5.44 ± 0.52 2.75 ± 0.53 24.17 ± 0.98 8.14 ± 0.68 6.49 ± 0.72 3.78 ± 0.71 

121 8 h 11 m 12 s + 25 ◦12 
′ 
13 

′′ 
19.18 ± 2.28 14.67 ± 0.80 9.61 ± 0.81 73.88 ± 1.73 21.78 ± 1.17 14.81 ± 1.24 11.37 ± 1.23 

122 8 h 11 m 12 s + 25 ◦11 
′ 
53 

′′ 
1.26 ± 0.50 0.71 ± 0.15 1.22 ± 0.16 3.24 ± 0.33 0.83 ± 0.22 0.77 ± 0.24 0.76 ± 0.24 

123 8 h 11 m 12 s + 25 ◦12 
′ 
08 

′′ 
6.02 ± 1.38 3.10 ± 0.65 1.67 ± 0.66 17.24 ± 1.11 5.49 ± 0.76 4.11 ± 0.81 3.69 ± 0.81 

124 8 h 11 m 12 s + 25 ◦12 
′ 
19 

′′ 
16.05 ± 2.29 14.09 ± 0.83 8.01 ± 0.84 74.23 ± 1.78 21.47 ± 1.20 14.76 ± 1.28 10.56 ± 1.27 

125 8 h 11 m 12 s + 25 ◦11 
′ 
49 

′′ 
1.58 ± 0.50 0.68 ± 0.23 0.42 ± 0.23 3.37 ± 0.36 0.43 ± 0.24 1.23 ± 0.27 0.56 ± 0.26 

126 8 h 11 m 11 s + 25 ◦12 
′ 
11 

′′ 
3.98 ± 0.94 2.64 ± 0.36 1.42 ± 0.36 15.54 ± 0.65 5.49 ± 0.46 4.88 ± 0.49 3.55 ± 0.49 

127 8 h 11 m 11 s + 25 ◦11 
′ 
55 

′′ 
0.88 ± 0.75 1.08 ± 0.19 0.81 ± 0.19 4.49 ± 0.31 1.15 ± 0.21 0.75 ± 0.22 0.75 ± 0.22 

128 8 h 11 m 11 s + 25 ◦11 
′ 
57 

′′ 
4.91 ± 2.02 2.01 ± 0.72 2.55 ± 0.73 22.33 ± 1.23 7.12 ± 0.85 7.12 ± 0.92 4.26 ± 0.90 

129 8 h 11 m 11 s + 25 ◦12 
′ 
26 

′′ 
2.93 ± 1.13 0.91 ± 0.40 2.05 ± 0.41 6.60 ± 0.38 1.10 ± 0.36 0.83 ± 0.40 0.60 ± 0.40 

130 8 h 11 m 11 s + 25 ◦12 
′ 
01 

′′ 
5.17 ± 1.38 3.09 ± 0.62 2.37 ± 0.63 15.41 ± 0.87 4.36 ± 0.60 4.68 ± 0.65 3.07 ± 0.64 

131 8 h 11 m 11 s + 25 ◦11 
′ 
51 

′′ 
12.02 ± 1.37 6.48 ± 0.63 8.18 ± 0.64 25.83 ± 1.09 4.92 ± 0.72 6.27 ± 0.79 4.03 ± 0.78 

132 8 h 11 m 11 s + 25 ◦12 
′ 
36 

′′ 
1.21 ± 0.65 0.54 ± 0.20 1.78 ± 0.20 3.61 ± 0.31 0.13 ± 0.20 0.78 ± 0.22 0.45 ± 0.22 

133 8 h 11 m 11 s + 25 ◦11 
′ 
53 

′′ 
1.23 ± 0.45 0.21 ± 0.16 0.52 ± 0.16 1.70 ± 0.29 0.16 ± 0.19 0.29 ± 0.21 0.22 ± 0.21 

134 8 h 11 m 11 s + 25 ◦12 
′ 
03 

′′ 
6.04 ± 1.27 1.89 ± 0.48 2.42 ± 0.49 9.98 ± 0.49 2.06 ± 0.46 3.43 ± 0.51 1.82 ± 0.51 

135 8 h 11 m 11 s + 25 ◦12 
′ 
27 

′′ 
2.99 ± 0.86 1.72 ± 0.24 2.02 ± 0.24 7.52 ± 0.44 1.61 ± 0.29 0.65 ± 0.31 0.49 ± 0.31 

136 8 h 11 m 11 s + 25 ◦11 
′ 
58 

′′ 
2.76 ± 0.86 1.20 ± 0.36 1.60 ± 0.37 7.29 ± 0.59 1.33 ± 0.38 1.35 ± 0.42 0.34 ± 0.41 

137 8 h 11 m 11 s + 25 ◦12 
′ 
07 

′′ 
2.70 ± 0.94 1.38 ± 0.38 1.56 ± 0.38 5.86 ± 0.56 1.64 ± 0.37 0.72 ± 0.40 1.56 ± 0.41 

138 8 h 11 m 11 s + 25 ◦13 
′ 
32 

′′ 
0.69 ± 0.53 0.65 ± 0.18 0.36 ± 0.18 1.36 ± 0.31 0.09 ± 0.20 0.18 ± 0.22 0.17 ± 0.22 

139 8 h 11 m 11 s + 25 ◦12 
′ 
23 

′′ 
1.69 ± 0.77 0.42 ± 0.23 1.11 ± 0.23 2.82 ± 0.28 0.21 ± 0.18 0.50 ± 0.20 0.52 ± 0.20 

140 8 h 11 m 10 s + 25 ◦13 
′ 
36 

′′ 
1.30 ± 0.58 0.71 ± 0.19 0.53 ± 0.19 2.11 ± 0.19 0.24 ± 0.18 0.27 ± 0.20 0.14 ± 0.20 

141 8 h 11 m 08 s + 25 ◦13 
′ 
49 

′′ 
1.76 ± 0.63 0.04 ± 0.20 0.81 ± 0.20 2.13 ± 0.30 0.39 ± 0.20 0.42 ± 0.22 0.18 ± 0.21 

142 8 h 11 m 07 s + 25 ◦13 
′ 
42 

′′ 
13.91 ± 1.79 9.07 ± 0.70 11.24 ± 0.70 24.62 ± 1.05 2.67 ± 0.68 4.68 ± 0.75 3.81 ± 0.75 

143 8 h 11 m 07 s + 25 ◦13 
′ 
40 

′′ 
1.38 ± 0.64 0.51 ± 0.20 0.67 ± 0.21 2.04 ± 0.18 0.15 ± 0.18 0.21 ± 0.19 0.15 ± 0.19 

144 8 h 11 m 06 s + 25 ◦13 
′ 
38 

′′ 
0.93 ± 0.39 0.37 ± 0.16 0.11 ± 0.16 1.03 ± 0.16 0.35 ± 0.15 0.31 ± 0.16 0.26 ± 0.16 

145 8 h 11 m 06 s + 25 ◦13 
′ 
43 

′′ 
1.00 ± 0.50 0.32 ± 0.20 0.83 ± 0.20 1.96 ± 0.33 0.08 ± 0.22 0.34 ± 0.24 0.33 ± 0.24 

146 8 h 11 m 06 s + 25 ◦13 
′ 
48 

′′ 
1.60 ± 0.58 0.24 ± 0.17 1.21 ± 0.18 1.45 ± 0.16 0.11 ± 0.15 0.22 ± 0.17 0.26 ± 0.17 

147 8 h 11 m 06 s + 25 ◦13 
′ 
34 

′′ 
1.50 ± 0.61 0.60 ± 0.19 2.69 ± 0.19 3.21 ± 0.30 0.36 ± 0.19 0.30 ± 0.21 0.64 ± 0.21 

148 8 h 11 m 05 s + 25 ◦13 
′ 
32 

′′ 
0.91 ± 0.58 0.37 ± 0.23 0.75 ± 0.23 2.47 ± 0.37 0.28 ± 0.24 0.13 ± 0.26 0.23 ± 0.26 

149 8 h 11 m 05 s + 25 ◦13 
′ 
32 

′′ 
5.72 ± 1.18 3.03 ± 0.35 4.19 ± 0.36 9.16 ± 0.59 1.30 ± 0.38 1.84 ± 0.42 1.36 ± 0.42 

150 8 h 11 m 05 s + 25 ◦13 
′ 
32 

′′ 
8.65 ± 1.25 4.02 ± 0.47 7.95 ± 0.47 13.67 ± 0.77 1.50 ± 0.50 3.33 ± 0.56 2.15 ± 0.55 

151 8 h 11 m 04 s + 25 ◦13 
′ 
22 

′′ 
20.82 ± 2.04 12.89 ± 0.68 33.21 ± 0.69 43.40 ± 0.96 5.20 ± 0.62 7.93 ± 0.69 4.06 ± 0.68 

152 8 h 11 m 03 s + 25 ◦13 
′ 
04 

′′ 
1.64 ± 0.64 0.65 ± 0.20 2.18 ± 0.21 3.58 ± 0.40 0.13 ± 0.25 0.34 ± 0.28 0.14 ± 0.28 

153 8 h 11 m 03 s + 25 ◦13 
′ 
11 

′′ 
0.32 ± 0.47 0.29 ± 0.13 0.30 ± 0.14 1.00 ± 0.14 0.04 ± 0.13 0.20 ± 0.15 0.35 ± 0.15 

154 8 h 11 m 02 s + 25 ◦13 
′ 
07 

′′ 
1.42 ± 0.38 0.73 ± 0.15 1.43 ± 0.16 1.38 ± 0.24 0.01 ± 0.16 0.35 ± 0.18 0.20 ± 0.18 

155 8 h 11 m 02 s + 25 ◦13 
′ 
04 

′′ 
3.17 ± 0.81 0.81 ± 0.27 1.02 ± 0.27 3.36 ± 0.22 0.31 ± 0.21 0.70 ± 0.23 0.57 ± 0.23 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/2/2769/6595322 by C
N

R
S - ISTO

 user on 06 July 2023


	1 INTRODUCTION
	2 OBSERVATIONS, DATA REDUCTION, AND CALIBRATION
	3 DATA ANALYSIS
	4 NUMERICAL MODEL
	5 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: ADDITIONAL TABLE AND FIGURE

