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A B S T R A C T 

Spiral structures are important drivers of the secular evolution of disc galaxies, however, the origin of spiral arms and their 
effects on the development of galaxies remain mysterious. In this work, we present two three-armed spiral galaxies at z ∼
0.3 in the Middle Age Galaxy Properties with Integral Field Spectroscopy (MAGPI) surv e y. Taking advantage of the high 

spatial resolution ( ∼0.6 arcsec) of the Multi-Unit Spectroscopic Explorer (MUSE), we investigate the two-dimensional (2D) 
distributions of different spectral parameters: H α, gas-phase metallicity, and D 4000 . We notice significant offsets in H α ( ∼0.2 dex) 
and gas-phase metallicities ( ∼0.05 dex) among the spiral arms, downstream and upstream of MAGPI 1202197197 (SG 1202). 
This observational signature suggests the spiral structure in SG 1202 is consistent with arising from density wave theory. No 

azimuthal variation in H α or gas-phase metallicities is observed in MAGPI 1204198199 (SG 1204), which can be attributed to 

the tighter spiral arms in SG 1204 than SG 1202, coming with stronger mixing effects in the disc. The absence of azimuthal 
D 4000 variation in both galaxies suggests the stars at different ages are well mixed between the spiral arms and distributed around 

the disc regions. The different azimuthal distributions in H α and D 4000 highlight the importance of time-scales traced by various 
spectral parameters when studying 2D distributions in spiral galaxies. This work demonstrates the feasibility of constraining 

spiral structures by tracing interstellar medium (ISM) and stellar population at z ∼ 0.3, with a plan to expand the study to the 
full MAGPI surv e y. 

K ey words: ISM: e volution – galaxies: abundances – galaxies: evolution – galaxies: ISM – galaxies: spiral. 
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 I N T RO D U C T I O N  

n the local Universe, the majority of star formation takes place in
piral galaxies (Brinchmann et al. 2004 ) and up to two-thirds of all
 E-mail: qianhui.chen@anu.edu.au 
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assive galaxies are spiral galaxies (Lintott et al. 2011 ; Willett et al.
013 ). The interplay between star formation activity and the influence 
f spiral structures is closely related to (1) the physical conditions
nd distribution of the gas in the interstellar medium (ISM), and (2)
he processes by which stars are created from the molecular gas.
piral structures are complex and diverse, which is demonstrated by 

he variety in their number of arms, pitch angles, amplitudes, and
ongevity (Dobbs & Baba 2014 ). Despite their ubiquitous nature, we
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now surprisingly little of the physical origin of spiral features and
ow they evolve over cosmic time (Sell w ood & Masters 2022 ). 
Previous studies investigating spiral-driven evolution have re-

ealed the physical complexities of the origin of spiral features,
ncluding self-excited instabilities in equilibrium discs and gravita-
ional instabilities due to interactions with companions, haloes, and
tellar bars. We summarize the two main physical mechanisms for
he origin of spiral arms in disc galaxies. 

(i) (Quasi-stationary) density wave theory (Lin & Shu 1966 ).
piral arms are density waves that evolve slowly and rotate at a fixed
ngular velocity (i.e. pattern speed) across the galaxy. The stars and
as in the disc orbit at different angular velocities, depending on their
istances to the galaxy centre, which is called differential rotation.
he corotation radius is the radius where the angular velocity of the
aterial matches the pattern speed (e.g. Pour-Imani et al. 2016 ;
eterken et al. 2019 ). In this theory, the material is left behind

he density wave outside the corotation radius but o v ertakes the
ensity wave while inside the corotation radius. When entering the
piral potential, the gas will collapse (Toomre 1977 ) and undergo
hocks (Roberts 1970 ; Bonnell et al. 2006 ), which are observable
s periodic episodes of intense and instantaneous star formation
Aouad, James & Chilingarian 2020 ). The formation of a global
piral pattern from the density wave theory is caused by an instability
f the disc as a direct result of self-gravity (Pettitt et al. 2017 ).
ccording to the density wave theory, spiral galaxies with more than

hree spiral arms are less stable compared to grand-design spiral
alaxies with two arms (Thomasson et al. 1990 ). Simulations report
ong-lived grand-design spiral galaxies that resemble the density
ave theory, although the overall spiral pattern is transient and

ecurrent (Sell w ood 2011 ; D’Onghia, Vogelsberger & Hernquist
013 ; Sell w ood & Carlberg 2014 ). The maintenance (or the necessity
f maintenance) of long-lived spiral waves is still an open question. 
(ii) Dynamic spirals (Sell w ood & Carlberg 1984 ; Fuchs 2001 ;

obbs & Baba 2014 ). In the dynamic material wave model, a leading
ensity pattern transfers into a trailing one due to the shear caused by
 differentially rotating disc. During the rotation, the leading mode
s amplified into a spiral arm as a result of the self-gravity, through
 mechanism called swing amplification (Goldreich & Lynden-Bell
965 ). In this mechanism, spiral arms are simply a superposition
f many unstable w aves (Michik oshi & Kokubo 2016 ). There is
o specific pattern speed for dynamic spirals or significant offset
etween the rotation of spirals and the disc. Thus, gas does not
ass through the spiral arms but instead falls into the minimal
otential from both sides of the arms (Dobbs & Bonnell 2008 ; Wada,
aba & Saitoh 2011 ). The spirals generated by swing amplification
re transient, recurrent, and short-lived (Sell w ood & Carlberg 2014 ,
019 ). Swing amplification typically assembles flocculent or multi-
rmed galaxies but is capable of generating grand-design spiral arms
Baba 2015 ). Sell w ood & Carlberg ( 1984 ) argue for short-lived (a
ew ∼100 Myr) dynamic spirals due to the heating from dissipation.
n the other hand, Fujii et al. ( 2011 ) and D’Onghia, Vogelsberger &
ernquist ( 2013 ) demonstrate the possibility of long-lasting (up to
10 Gyr) dynamic spirals using highly spatially resolved N -body

imulations. 

The density wave theory and dynamic spiral theory are not
 xclusiv e to each other. Instead, the two mechanisms can explain
he origin and assembly of different spiral arms. Many studies have
een conducted to investigate the feasibility of these two theories
hrough simulations. Since the 1970s, transitory spiral features have
een seen in some simulations (Miller, Prendergast & Quirk 1970 ;
ohl 1971 ; Hockney & Brownrigg 1974 ), which give us a glimpse
NRAS 527, 2991–3005 (2024) 
f the fundamental physics of spirals. Assuming different models
f spirals, simulations test, and impro v e the theories by revealing
he longevity of spiral arms (Oh et al. 2008 ; Fujii et al. 2011 ;
truck, Dobbs & Hwang 2011 ; D’Onghia, Vogelsberger & Hernquist
013 ; Sell w ood & Carlberg 2014 ), distributions of ISM properties
Dobbs & Pringle 2010 ; Grand, Kawata & Cropper 2012a , b ; Pettitt
t al. 2020 ), motions of stars in spiral galaxies (Lindblad, Lindblad &
thanassoula 1996 ; Baba, Saitoh & Wada 2013 ; Ram ́on-Fox &
onnell 2022 ), etc. These studies find that both the density wave

heory and dynamic spirals are viable mechanisms for the formation
f spiral arms. 
Although non-trivial and difficult, there have been many attempts

o distinguish the physical mechanism driving the formation of spiral
rms from observations in the local Universe. The density wave
heory adopts a fixed pattern speed across the disc, while the dynamic
pirals induce the spiral arms to rotate with the disc at a radially
ecreasing angular velocity. The simplest detection of pattern speed
s the corotation radius measured by the residual velocity maps of
2 C 

16 O and H I (Elme green, Elme green & Seiden 1989 ; Canzian
993 ; Sempere et al. 1995 ), although this method is highly subject to
easurement uncertainties. Peterken et al. ( 2019 ) detect the pattern

peed by mapping the ongoing star formation and previously formed
oung stars as a direct test of the density wave theory. Another
ndirect method to determine the pattern speed is to detect the location
f spiral-shaped shock waves (hereafter spiral shocks). The density
ave theory predicts spiral shocks to be found on one side of the

tellar potential within the corotation radius and on the opposite side
utside the corotation radius. This results in an offset whose width
s determined by the difference between pattern speed and material
peed. In the dynamic spiral theory, we do not expect an offset on
oth sides of the spiral arms, as the material in the disc does not
ross the spiral arm potential. Therefore, the distributions of gas-
hase ISM properties and stellar populations are different depending
n the assumed theory, which enable us to interpret the observations
nd understand the origin of spiral arms in the observed galaxies.
his method has been applied to several nearby galaxies (e.g. Egusa,
ofue & Nakanishi 2004 ; Tamburro et al. 2008 ; Egusa et al. 2009 ;
our-Imani et al. 2016 ; Abdeen et al. 2022 ), but not all observed
alaxies are consistent with the prediction of the density wave theory
Foyle et al. 2011 ). 

Integral field spectrographs (IFS) enable investigation into the
adial and azimuthal distributions of stellar and gaseous ISM prop-
rties of galaxies. Large IFS surv e ys pro vide spatially resolv ed dis-
ributions of oxygen abundances, kinematics, and stellar populations
Falc ́on-Barroso et al. 2006 ; Marino et al. 2012 ; Rodr ́ıguez-Baras
t al. 2018 ; Kreckel et al. 2019 ; Grasha et al. 2022 ; Chen et al.
023 ), to constrain the formation and evolution of spiral galaxies.
hese studies provide unprecedented insight into the dynamics and
etal variations of spiral galaxies in the local Uni verse. Ho we ver,
ost IFS studies of spiral galaxies are limited to spirals in the local
niverse, leaving a gap in our understanding of spiral patterns in
igh-redshift galaxies, when the very first galaxies settled down to
ev elop spiral features. Ev en though observations hav e found the
xistence of spiral galaxies up to z ∼ 2 (Law et al. 2012 ; Margalef-
entabol et al. 2022 ), the formation of these spiral galaxies remains
ysterious. The formation of spiral arms is assumed to happen in

hin stable discs (Toomre 1977 ; Sell w ood & Carlberg 2014 ) while
alaxy discs are thicker, more gas rich, and less stable at higher
edshifts (Crain et al. 2015 ; Wisnioski et al. 2015 ). The effects of the
SM become increasingly important in the build-up of spiral arms at
igher redshifts (Wada, Baba & Saitoh 2011 ; Ghosh & Jog 2016 ).
piral arms are also sensitive to environmental effects, including gas
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ccretion and galaxy mergers (Wada, Baba & Saitoh 2011 ; Martig
t al. 2012 ; Dobbs & Baba 2014 ). To understand the physics of
piral formation and when it dominates the star formation activities 
n star-forming galaxies, we need to push detailed observations to 
igher redshifts. Using spatially resolved IFS data targeting galaxies 
t a higher redshift, it is possible to discriminate density wave 
heory/dynamic spirals at an earlier stage of the formation of spiral
alaxies. 

Taking advantage of the adaptive optics of the Multi-Unit Spectro- 
copic Explorer (MUSE), the Middle Ages Galaxy Properties with 
ntegral Field Spectroscopy (MAGPI; Foster et al. 2021 ) survey is
arried out to target 60 massive galaxies and their satellites at 0.25
 z < 0.35 (3–4 Gyr ago). Since the dynamical, morphological, and

hemical properties of galaxies undergo significant transformation at 
 ∼ 0.3, the MAGPI surv e y giv es an important window in the cosmic
imeline and fills up the gap in our understanding of the build-up
f spiral features. The spatial resolution of MAGPI, which reaches 
.6–0.8 arcsec (full width at half-maximum – FWHM), enables us 
o distinguish the spiral arms and the interarms without the use of
ravitational lensing. In this work, we study the two-dimensional 
istributions of different ISM properties and stellar populations in 
wo spiral galaxies at z ∼ 0.3 at a high spatial resolution, shedding
ight on the origin and growth of spiral arms. This paper demonstrates
he feasibility of tracing ISM properties and their linkage to stellar
piral structures at z ∼ 0.3, with a plan to expand the study to the
ull MAGPI spiral sample upon completion of the full data set. 

In this paper, we present our first work on exploring spiral galaxies
ith IFS observations at z ∼ 0.3. We introduce our sample in Section
 . We present our analysis of two gas ISM properties and stellar
ge in Section 3 , and the results are then discussed in Section 4 .
hroughout this paper, we adopt the Chabrier ( 2003 ) initial mass

unction (IMF), and a flat cosmology with �� 

= 0.7, �m 

= 0.3, 
nd H 0 = 70 km s −1 kpc −1 . 

 DATA  A N D  SAMPLE  

.1 Data 

e use the observational data from the MAGPI 1 surv e y (35 fields at
he time of starting this work, out of 56 MA GPI fields). MA GPI
s a large program on the European Southern Observatory Very 
arge Telescope (VLT) that is still in progress at the time of writing

Program ID: 1104.B-0536). The observations are achieved through 
6 × 4.4 h on-source exposures of independent fields with ground- 
ayer adaptive optics (GLAO) on VLT/MUSE. The MAGPI sample 
s also supplemented with two archi v al MUSE fields of massive
lusters at z ∼ 0.3: Abell 370 and Abell 2744. 

The science goals, design, and observing technique are described 
n detail in Foster et al. ( 2021 ). In brief, the survey aims to reveal and
nderstand the physical processes responsible for the rapid transfor- 
ation of galaxies at intermediate redshift ( z ∼ 0.3), by mapping the

etailed properties of stars and the ionized gas in galaxies. MAGPI 
ill provide constraints on understanding the role of gas accretion 

nd merging and tracing the metal mixing history of galaxies. It has
 comparable physical spatial resolution to local surv e ys [ ∼1–4 half-
ight radius/point spread function (PSF) FWHM; Foster et al. 2021 ] 
uch as the Sydney-Australian-Astronomical-Observatory Multi- 
bject Integral-Field Spectrograph (SAMI; Croom et al. 2021 ) and 
 https://magpisurv e y.org 

2

3

apping Nearby Galaxies at Apache Point Observatory (MaNGA; 
undy et al. 2015 ) surv e ys. 
MAGPI uses the wide-field mode, yielding a ∼1 × 1 arcmin 2 

eld of view (FOV) sampled by 0.2 × 0.2 arcsec 2 spatial pixels
henceforth spax els). The wav elength co v ers 4700–9350 Å and the
pectral sampling is 1.25 Å spaxel −1 . The GLAO system ensures 
hat all MAGPI targets are observed with an ef fecti ve seeing of
.65 arcsec FWHM in V band, or better. For each primary target, the
otal on-source integration time per field is 4.4 h, which ensures a
ignal-to-noise ratio (SNR) of 5 Å−1 per resolution element around 
000–6500 Å in the stellar continuum for individual spaxels at the 
alf-light radius ( R e ). 
The data reduction process is briefly described in Foster et al.

 2021 ) and will be provided in further detail in Mendel et al. (in
reparation). The raw data are processed using PYMUSEPIPE 2 (Weil- 
acher et al. 2020 ). The final processing of the individual MUSE
cience exposures is performed outside of the standard pipeline, 
sing CUBEFIX (Cantalupo et al. 2019 ) and Zurich Atmosphere Purge
 ZAP ) sky-subtraction software (Soto et al. 2016 ). The synthetic
hite-light (i.e. collapsed MUSE spectrum), r - and i -band images

or each field are created using the MPDAF 3 python package. The
ROFOUND package (Robotham et al. 2018 ) is an image analysis
ackage applied to the white-light images to detect objects and to
roduce a preliminary segmentation map. PROFOUND is also used 
n r - and i -band images created from the MUSE data cubes for
hotometric parameters. 

.2 Sample description 

rom the 35 observation-completed MAGPI fields (2022 October), 
e find 12 non-merging galaxies that prominently show grand- 
esign or multi-armed spiral features from visual inspection. We 
xclude merging spiral galaxies to remove complexities that could 
e introduced to the stellar and gas properties from tidal interactions.
idally driven spiral arms are not discussed in this work. Fig. 1
hows the coloured images of our pilot sample including two three-
rmed face-one spiral galaxies: MAGPI 1202197197 (left of Fig. 
 , hereafter SG 1202) and MAGPI 1204198199 (right of Fig. 1 ,
ereafter SG 1204). The pilot sample has the largest R e and the
ighest SNR among the 12 non-merging spiral galaxies, which 
llows for a detailed study and comparison between arm and interarm
egions without the need for binning. This paper aims to demonstrate
he feasibility of tracing spectral parameters and their linkage to spiral
tructures at z ∼ 0.3. In our next paper, we will apply the methodology
o the full MAGPI surv e y upon the completion of observation. The
wo spiral galaxies are part of a group according to the Galaxy
nd Mass Assembly (GAMA) galaxy group catalogue (G 

3 Cv1; 
obotham et al. 2011 ) that indicates they are presumably under
nvironmental effects from their companion galaxies. The physical 
arameters of galaxies in our pilot sample are listed in Table 1 . 

 DATA  ANALYSI S  A N D  RESULTS  

n this section, we present our analysis of the reduced MAGPI data
ncluding the spectral fitting processes, spaxel selection, the defini- 
ion of spiral arms and interarm regions, and the measure of spectral
arameters. Our goal is to constrain the origin of spiral features by
tudying the impacts of spiral arms on the gas ISM properties and
MNRAS 527, 2991–3005 (2024) 

 https:// github.com/ emsellem/ pymusepipe 
 https:// github.com/ musevlt/ mpdaf

https://magpisurvey.org
https://github.com/emsellem/pymusepipe
https://github.com/musevlt/mpdaf
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M

Figure 1. MUSE g mod ri 4 composite images of the two well-defined spiral galaxies at the centre of each FOV of the MAGPI 1202 (left) and MAGPI 1204 
(right) fields. Our pilot sample consists of MAGPI 1202197197 (hereafter SG 1202, at z � 0.2919) and MAGPI 1204198199 (hereafter SG 1204, at z � 0.3163), 
which are the large spiral galaxies located at the centre of each field. The companion galaxy to the north-west of SG 1204 is a foreground galaxy at z � 0.254. 

Table 1. Physical parameters of our pilot sample galaxies from MAGPI in this study. Column (1): galaxy name in the MAGPI surv e y and their short name 
in this work. Columns (2) and (3): J2000 coordinates of the galaxy in unit of degree. Columns (4) and (5): inclination and photometric position angle (PA) 
are measured with PROFOUND (Mendel, in preparation). Column (6): redshift measured from MARZ . Column (7): stellar mass of the spiral galaxies from Mun 
et al. (submitted), applying single population synthesis to stellar energy distribution fitting on the Hyper Suprime-Cam (HSC) images following Taylor et al. 
( 2011 ). The total stellar mass is obtained by summing the stellar mass in each pixel within the dilated mask from PROFOUND . Column (8): half-light radius 
( R e ) determined with PROFOUND on i -band images. Column (9): pitch angles of the spiral arms (see Section 3.3 ) are listed clockwise from the north arm. 

Galaxy RA ( ◦) Dec. ( ◦) Inclination ( ◦) PA ( ◦) Redshift log( M ∗/M �) R e (kpc) Pitch angle ( ◦) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

MAGPI 1202197197 (SG 1202) 175.3388 −1.5825 56.5 132.6 0.2920 10.88 ± 0.01 9.23 29.1, 27.5, 20.4 

MAGPI 1204198199 (SG 1204) 175.6612 −0.7943 46.9 175.0 0.3164 11.01 ± 0.01 10.09 16.7, 19.4, 21.0 
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tellar populations. We focus on the two-dimensional distributions
f star formation rate (Section 3.5 ), gas-phase metallicity (Section
.6 ), and stellar age (Section 3.7 ) in the following analysis. 

.1 Emission line fits 

wo-dimensional spectral maps are obtained with GIST (Bittner et al.
019 ), which is a pipeline with implemented PPXF (Cappellari & Em-
ellem 2004 ; Cappellari 2017 ) and PYGANDALF (Falc ́on-Barroso et al.
006 ; Sarzi et al. 2006 ) routines. The GIST pipeline simultaneously
xtracts kinematics, emission lines, and stellar population properties
rom full spectral fitting. There are several unique customizations
ade (Battisti et al., in preparation; Mendel et al., in preparation) for

ts use with MAGPI data when fitting emission lines. 

(i) A binning scheme is used where if the SNR of the continuum
s too low for the adopted threshold for Voronoi bins, then a
ingle integrated bin is adopted instead. Voronoi binning optimally
reserves the maximum spatial resolution of two-dimensional data,
NRAS 527, 2991–3005 (2024) 

 g mod co v ers part of the g band redder than 4700 Å. 

f  

o  

l  
iven a constraint on the minimum SNR (Cappellari & Copin 2012 ).
he continuum fitting is based on a binning scheme while the

ollowing emission line fits are on a spaxel level. 
(ii) A modified version of PYGANDALF is implemented that 

(a) employs three different sets of input parameters including
the flux, velocity, and velocity dispersion, which is adjusted
based on the best fit of the stellar component. The fitting that
yields the lowest χ2 is considered as the final fitting results for
the gas component. This modification is tailored to ef fecti vely
handle low SNR emission lines; 

(b) estimates the errors on flux es, v elocities, and standard
deviations for the emission lines, based on a Monte Carlo
approach. 

The emission line working group of the MAGPI surv e y adopts
he light-weighted stellar templates from SSP MIST C3K SALPETER

Conroy, pri v ate communication) and sets the multiplicative Leg-
ndre polynomial to 12. The emission lines are fit as a Gaussian
unction that is independent of the chosen IMF. The targeted SNR
f the stellar continuum for Voronoi binning is 10. The emission
ine fits are carried out with a single component tied to the brightest
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Figure 2. SNR maps of SG 1202 and SG 1204. Only spaxels with SNR > 3 in H α and H β are selected for all the following analyses. The defined spiral arms 
are o v erplotted as black dots (see Section 3.3 ). The spiral arms show a higher SNR of H α than the interarm re gions. 
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ine for the wavelength range covered at the galaxy redshift (i.e. 
 α for 0 < z < 0.424, [O III ] λ5007 for 0.424 < z < 0.865, and

O II ] λ3729 for 0.865 < z < 1.507). The line velocity for each
paxel is restricted to ±600 km s −1 relative to the stellar continuum
elocity of the nearest Voronoi bin. For each MAGPI field, Mendel 
t al. (in preparation) empirically measure the line spread function 
LSF), which will be adopted in the following fitting processes. The 
pectral line data products, including [O II ] λλ3726, 3729, D 4000 , H β

4861 Å), [O III ] λ5007, H α (6563 Å), and [N II ] λ6584 used in this
ork, are made by the MAGPI team and will be publicly available

n a forthcoming data release (Battisti et al., in preparation). 

.2 Spaxel selection criteria 

o achieve a reliable scientific analysis of SG 1202 and SG 1204, we
pply SNR > 3 limits (Fig. 2 ) to H β and H α emission lines before
xtinction correction. The spaxels with SNR below 3 are excluded 
rom all the following analyses. To ensure sufficient spaxels and 
ccurate analysis, we establish a 3 σ lower limit by assigning three 
imes the noise as the new signal for [O III ] λ5007 and [N II ] λ6584
here if the spaxels have a SNR less than 3 (see section 2.6 of
osario et al. 2016 ). In face-on spiral galaxies, H II regions with low

cale height destroy the dust within birth clouds and therefore are 
redominantly affected by dust in the foreground (Wild et al. 2011 ).
hus, in this work, we apply the Milky Way extinction curve from
itzpatrick et al. ( 2019 ) as 

( B − V ) = 2 . 5 ×
( 

log 10 
(H α/ H β) obs 
(H α/ H β) int 

k H β − k H α

) 

. (1) 

e adopt R ν = 3.1 to determine the k value at each wavelength
nd measure the colour excess E ( B − V ) for all spaxels with SNR
H α and H β) > 3. The E ( B − V ) values are then used to calculate
he intrinsic emission line fluxes F int from the observ ed flux es F obs 

s 

 int = F obs × 10 0 . 4 k λE( B−V ) . (2) 

he extinction-corrected fluxes are used in all the following analyses 
o measure the gas-phase metallicities (Section 3.6 ). 
To limit our analyses to spaxels that arise predominantly from 

tar formation (i.e. photoionization) and e xclude spax els e xcited
ainly by hard components (e.g. shocks, active galactic nuclei 
AGN), we use the Baldwin–Phillips–Terlevich (BPT) diagram 

Baldwin, Phillips & Terlevich 1981 ) to separate spaxels based 
n different excitation mechanisms. Based on [N II ] λ6584 / H α ver- 
us [O III ] λ5007 / H β, low-ionization nuclear emission-line regions 
LINERs) and AGN are distinguished from the H II regions, which
re powered primarily by photoionization (Kewley et al. 2001 ; Jin,
 e wley & Sutherland 2022 ). We separate AGN/shock spaxels from
hotoionization by using the K e wley et al. ( 2001 ) demarcation
ine, which models the starburst galaxies with PEGASE v2.0 and 
TARBURST99 to derive the theoretical classification scheme for AGN 

nd H II regions. Another work (Kauffmann et al. 2003b ) presents
n empirical demarcation line based on the properties of ∼120 000
earby galaxies with the Sloan Digital Sk y Surv e y. The spax els
eneath the Kauffmann et al. ( 2003b ) demarcation line are interpreted 
o be purely star formation excited, while data o v er the theoretical
 e wley et al. ( 2001 ) demarcation line predominately arise by AGN
r LINER emission sources. A total of 1.1 per cent (0.8 per cent)
paxels in SG 1202 (SG 1204) lie abo v e the K e wley et al. ( 2001 )
ine, which are excluded in the following analyses. 

.3 Defining the spiral arms 

e identify the spiral arms of our two galaxies with a combination
f computer algorithms and manual checks, using the automated 
ool SPARCFIRE (Davis & Hayes 2014 ), which was developed based
n Galaxy Zoo data (Lintott et al. 2008 , 2011 ). To highlight the
piral features of our two galaxies at z ∼ 0.3, we employ GALFIT

o determine the optimal S ́ersic component and subtract it from the
hite-light images. Following the deprojection process in section 
.3 of Grasha et al. ( 2017 ), we deproject the galaxy images based
n the inclination and PA in Table 1 that are then set as the input of
PARCFIRE . The output of SPARCFIRE based on deprojected images is
hown in Fig. A1 : red spiral arms are identified as having positive
itch angles (clockwise), while blue arms have negative pitch angles 
counterclockwise). As three continuous spiral arms are vividly 
bservable in both the white-light images (Fig. 1 ), we only keep the
MNRAS 527, 2991–3005 (2024) 
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M

Figure 3. A measure of the angular azimuthal distance to the nearest spiral arm (grey pixels) at a constant galactocentric distance ( �φ) of SG 1202 (left) and 
SG 1204 (right), o v erplotted with the spiral arm ridge lines. We define �φ only for the spaxels located at the galactocentric distance where three spiral arms 
are present, thus there is an absence of �φ in the central region. Interarm spaxels with negati ve (positi ve) �φ are classified as downstream (upstream), colour 
coded as orange (purple). 1 R e is shown as the dashed ellipse. 
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hree longest spiral arms from the output of SPARCFIRE for both spiral
alaxies. As a secondary step, we fine-tune the starting and ending
adii of the spiral ridge lines to impro v e their alignment with the
bserved white-light images. The final adopted spiral arm ridge lines
re presented in Fig. 3 , o v erplotted on the �φ map, which represents
he angular azimuthal distance to the nearest spiral arm at a constant
alactocentric distance (Section 3.4 ). The typical spiral arm width
n the Milky Way is ∼1 kpc (Reid et al. 2014 ). We demarcate the
idth of spiral arms as 2 kpc in the MAGPI surv e y, taking the beam-

mearing effects (0.6–0.8 arcsec; FWHM) into account. We show the
oundary of the spiral arms as black dots in Fig. 2 . 

.4 Definition of azimuthal distance �φ

epending on the physical mechanisms that assemble spiral arms,
ensity wave theory or dynamic spirals, stellar populations, and gas
n the ISM between both sides of the spiral arms are expected to show
ifferent behaviours, which can be used to constrain the origin of the
piral features. The spatially resolved IFS data from our MAGPI
bserv ations allo w us to compare the ISM properties between the
piral arm and interarm regions and differences between downstream
nd upstream in the interarm regions. To identify the different parts
f interarms, we define �φ that measures the azimuthal distance to
he nearest spiral arm. We assign 

φi = −min ( | φj − φi | ) (3) 

hen pixel i is on the leading edge of the nearest spiral arm and
ssign 

φi = min ( | φj − φi | ) (4) 

hen pixel i is on the trailing edge of the nearest spiral arm. The
ixel i is the targeted pixel and the pixel j is the pixel within the
piral regions at the same galactocentric distance (within 0.5 kpc
ncertainty). 
With the defined spiral arm ridge lines, the �φ maps of SG 1202

nd SG 1204 are presented in Fig. 3 . The interarm spaxels with
NRAS 527, 2991–3005 (2024) 
e gativ e (positiv e) �φ are classified as downstream (upstream). In
he following sections, we will analyse ISM properties and stellar
opulations as tests of the density wave theory. 

.5 Star formation rate 

tar formation is one of the major drivers of galaxy evolution and is
he process that enriches the ISM with metals. Young, massive stars
roduce copious amounts of ionizing photons that are observed in
mission nebular lines (e.g. H α). Stars more massive than ∼10 M �
roduce a measurable ionizing photon flux and only live ∼10 Myr,
ro viding a sensitiv e indicator of young, massiv e stellar populations.
n this work, we adopt the star formation rate (SFR) prescription
rom Kennicutt ( 1998 ) to measure the SFR for each spaxel: 

FR (M � yr −1 cm 

−2 ) = 7 . 9 × 10 −42 × F H α ( erg s −1 cm 

−2 ) , (5) 

here F H α is the flux of H α per spaxel after dust correction (Section
.2 ). F or consistenc y with the MAGPI surv e y, we adopt the Chabrier
 2003 ) IMF. Following Bernardi et al. ( 2010 ), the SFR is divided by
0 0.25 to convert the IMF from the original Salpeter ( 1955 ) to our
referred Chabrier ( 2003 ) IMF. 
We calculate the spatially resolved SFR surface density ( 
 SFR ) as

ollows: 

 SFR (M � yr −1 kpc −2 ) = 

SFR × 10 −0 . 25 

[ D A ( kpc ) × 0 . 2] 2 
, (6) 

here D A is the angular diameter distance of the galaxy and
.2 arcsec pixel −1 is the pixel scale of the MAGPI survey. 
The higher 
 SFR in the spiral arms than in the interarm regions

bserved in both SG 1202 and SG 1204 shows that the enhanced star
ormation is occurring within the spiral arms (see derived 
 SFR maps
n Fig. 4 ). Fig. 5 compares the radial profiles of 
 SFR in the �φ < 0
downstream; orange) and �φ > 0 (upstream; purple) regions as a
unction of deprojected radial distance. In SG 1202 (left panel of Fig.
 ), we observe a generally higher 
 SFR in the downstream (orange)
han in the upstream (purple) between 1 R e and 2 R e ( ∼10–20 kpc).
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Figure 4. 
 SFR maps based on dust-corrected H α flux of SG 1202 (left) and SG 1204 (right), o v erplotted with the boundary of defined spiral arm regions. 
Higher (blue) 
 SFR is predominantly located within the arm regions. 

Figure 5. Radial profiles of 
 SFR of SG 1202 (left) and SG 1204 (right), colour coded by their location in the spiral galaxy: �φ < 0 (downstream; orange) and 
�φ > 0 (upstream; purple). The x -axis is the radial distance to the galaxy centre after deprojection (following Grasha et al. 2017 ). The medians of each 1 kpc 
elliptical bin are marked as triangles with 1 σ error bars. The vertical solid line marks the location of 1 R e in each galaxy. Significantly higher 
 SFR is observed 
in the downstream ( �φ < 0; orange) of SG 1202 than the upstream ( �φ > 0; purple) in the range 1 < R / R e < 2, whereas SG 1204 shows comparable 
 SFR in 
the �φ < 0 (downstream) and �φ > 0 (upstream) regions across all galactocentric distances. 
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he 
 SFR in the downstream ( �φ < 0) of SG 1204 (right panel
f Fig. 5 ) is indistinguishable from the upstream ( �φ > 0) at all
alactocentric distances and has no noticeable change at 1 R e , unlike
G 1202. The 
 SFR radial trends in different �φ of SG 1202 are 
onsistent with the theoretical expectations from the quasi-stationary 
ensity wave theory (Section 1 ). Our data indicate more intense star
ormation located on the leading side of the spiral arm, compared to
he trailing side between 1 R e and 2 R e . The absence of an offset in
 SFR across all radii of SG 1204 can be the consequence of the galaxy

aving a tighter pitch angle (last column in Table 1 ) compared to
G 1202. This scenario is further discussed in Section 4 and requires
 larger observational sample to investigate. 

.6 Gas-phase metallicity 

he spatial distribution of gas-phase metallicities is a critical com- 
onent for understanding the physical evolution of spiral galaxies, 
ncluding their star formation history and mixing processes in the 
SM (K e wley, Nicholls & Sutherland 2019 ; Maiolino & Mannucci
019 ; Li et al. 2021 ; Sharda et al. 2023 ). Oxygen is the most abundant
etal element in the Universe, which is mostly produced on short

ime-scales by Type II supernovae along with other α elements. In 
his work, we measure the oxygen abundances to represent the gas-
hase metallicities of our galaxies utilizing the N2O2 diagnostic 
K e wley & Dopita 2002 ). The N2O2 diagnostic uses three bright
ptical lines: [N II ] λ6584/[O II ] λλ3726, 3729. The combination of
N II ] λ6584 and [O II ] λλ3726, 3729 requires a reliable extinction
orrection that is carried out in Section 3.2 . The N2O2 diagnostic is
nsensitive to the ionization parameter or ionizing spectrum hardness 
Zhang et al. 2017 ; K e wley, Nicholls & Sutherland 2019 ). As such,
t is also insensitive to the diffuse ionized gas that permeates outside
f H II regions. It makes N2O2 an ideal metallicity diagnostic for our
bservations. We utilize the python package PYMCZ (Bianco et al. 
016 ) to measure the gas-phase metallicities and uncertainties with 
 Monte Carlo method. 
MNRAS 527, 2991–3005 (2024) 
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We present the metallicity radial profiles, colour coded by their 1 σ
ncertainty, in the left column of Fig. 6 . We show the 2D metallicity
aps in the middle column of Fig. 6 . The observ ed ne gativ e radial

radient ( −0.069 ± 0.002 dex/ R e ) in SG 1202 is indicative of
ypical inside-out formation, commonly seen in local spiral galaxies
S ́anchez-Menguiano et al. 2018 ; Chen et al. 2023 ), while the flat
etallicity gradient ( −0.014 ± 0.007 dex/ R e ) in SG 1204 suggests

trong gas mixing that could be induced by recent interactions or
osmic gas accretion (K e wley et al. 2010 ; Rupke, K e wley & Barnes
010a ; Rupke, K e wley & Chien 2010b ; Perez, Michel-Dansac &
issera 2011 ; Vollmer et al. 2012 ). The shallower gradient in the
 SFR profile of SG 1204 compared to the one of SG 1202 is also

uggestive of a stronger mixing process, which can cause the absent
zimuthal variation in the metallicity of SG 1204 (further discussed
n Section 4 ). 

From the 2D metallicity map of SG 1202 (top middle panel of
ig. 6 ), we observe significantly higher metallicities (redder colour)

n the inner region that is consistent with the ne gativ e metallicity
radient. We notice bluer spaxels (low metallicities) concentrated
ithin the spiral arms than the interarms. In the 2D metallicities map
f SG 1204 (bottom middle panel of Fig. 6 ), we find comparable
etallicity across the disc region that is in line with the observed

hallow metallicity gradient. We do not find a distincti ve dif ference
n the metallicity between spiral arms and interarms that could be
ttributed to the tighter spiral arms. 

Azimuthal metallicity variation can inform us of how metals are
ixed in with their neighbouring ISM when gas and stars are rotating

n their orbits (Ho et al. 2017 ). The IFS data of MAGPI allow us
o study small-scale variations (0.6–0.8 arcsec FWHM) present in
he gas-phase metallicity, which is typically a much weaker trend
han the global radial gradient. To calculate the residual metallicity

aps � log(O/H), we first calculate the weighted averages of each
 kpc elliptical bin to represent the radial gradients and subtract that
rom the metallicity maps. Positive (negative) residual � log(O/H)
ndicates higher (lower) 12 + log(O/H) compared to spaxels at the
ame galactocentric distance; this allows us to study the azimuthal
ariations, if present. 

In SG 1202 (top right panel of Fig. 6 ), we find higher � log(O/H)
n the inner region of the north-west spiral arm, while the north arm
nd east arm are systematically dominated by ne gativ e � log(O/H).
t is challenging to directly compare the metallicity between the arm
nd interarm regions based on the � log(O/H) map of SG 1204 (lower
anel of Fig. 6 ), since the scale of � log(O/H) is comparable to the
ypical uncertainty of gas-phase metallicity (0.1 dex). We perform
 Kolmogoro v–Smirno v (KS) test to compare the distributions of
 log(O/H) in the arm and interarms. The results of the KS test and

he p -values are shown in Table 2 and summarized below. The p -value
easures the probability of the null hypothesis that the two samples

re drawn from the same distribution for which a significance level
f 1 per cent is commonly used. It is worth mentioning that the p -
alues are an o v errepresentation of how different the distributions
ruly are because the large sample size will cause the KS test to have
ery high power for discerning small differences in the distributions.
n addition, the KS test does not take into account the error in the
arameters (Lazariv & Lehmann 2018 ). 
For SG 1202, the p -value (1.7 × 10 −4 ) of the KS test suggests

hat � log(O/H) has a different distribution in the arms compared
o the interarms. We find generally ne gativ e � log(O/H) in the
piral arms with an error -weighted a verage of −3.9 ± 1.0 × 10 −3 .
his is lower than the interarms with an error-weighted average of
.3 ± 1.0 × 10 −3 . SG 1204 has spiral arms that are significantly
ighter (with a smaller pitch angle) than SG 1202. The KS test
NRAS 527, 2991–3005 (2024) 

g  
uggests that it is possible that the � log(O/H) distributions in the
rms and interarms are drawn from the same distribution (with a
 -value of 6.8 × 10 −2 ; Table 2 ). The difference in the � log(O/H) of
G 1202 and SG 1204 is implied in the more wounded spiral arms of
G 1204, coming along with stronger mixing processes. We discuss

he physical mechanisms driving this difference in detail in Section 4 .
Based on the measurement of �φ (Section 3.4 ), we compare the

2 + log(O/H) on different sides of the spiral arms across different
adii (Fig. 7 ). In SG 1202, we observe marginally higher metallicities
n the upstream (purple; �φ > 0) than in the downstream (orange;
φ < 0), outside 1 σ uncertainty and within 3 σ uncertainty. The
 -value (4.7 × 10 −3 ) from the KS test strongly rejects the null
ypothesis that the 12 + log(O/H) in the downstream and upstream
re drawn from the same distribution. The observed azimuthal
ariation in the metallicity of SG 1202 suggests that the origin and
evelopment of spiral arms in this galaxy are consistent with the
ensity wave theory. Ho we ver, we find that the metals in the ISM are
ell mixed in the interarms of SG 1204. The p -value (4.1 × 10 −1 )

rom the KS test supports the same distribution of 12 + log(O/H)
n both sides of the spiral arms of SG 1204. The absence of
zimuthal metallicity variation in SG 1204 is consistent with the
ynamically driven spiral arms. Besides, the different azimuthal
etallicity distributions in the SG 1202 and SG 1204 can be attributed

o the tighter pitch angle of SG 1204 that implies a shorter (more
fficient) mixing time-scale and higher ISM mixing effects. 

.7 Stellar age 

n addition to the distribution of the ISM gas, the distributions of
tellar populations also hint at the origin and evolution of spiral
alaxies. In this work, we constrain the stellar age with D 4000 , which is
 continuum feature that occurs around 4000 Å due to the absorption
n the atmosphere within older stellar populations (Noll et al. 2009 ).
ecause of our limited spectral quality, we are unable to operate

pectrum energy distribution (SED) fitting on a spaxel scale. To get
 sufficient SNR for SED fitting, we must bin the MAGPI data into
 coarser spatial resolution, rendering the spiral arms and interarm
egions no longer distinguishable. 

Based on the GIST stellar continuum fits (Section 3.1 ), we deter-
ine the D 4000 value on a spaxel level following: 

 4000 = 

Flux rest frame (4050 –4250 Å ) 

Flux rest frame (3750 –3950 Å ) 
. (7) 

We e xclude spax els with D 4000 uncertainty larger than 0.5 in the
ollowing analysis of stellar age. 

Consistent with inside-out galaxy formation, we find ne gativ e
radients in the D 4000 of SG 1202 and SG 1204 (left panels of Fig.
 ), with a flattening trend outside 1 R e . In the middle panels of Fig.
 , we present the 2D maps of D 4000 , o v erplotted with the boundary
f the spiral arms. In SG 1202, we observe slightly lower D 4000 

bluer spaxels) in the spiral arms compared to the interarms outside
 R e , which indicates younger stellar age in the arm regions than the
nterarms. These results are in agreement with the observed higher
 SFR within the arm regions of SG 1202 (Section 3.5 ). Ho we ver,

n SG 1204, we have difficulty comparing the D 4000 within the arm
egions and the close interarms based on the tight spiral features. We
arry on our study of D 4000 by introducing the D 4000 residual in the
ext paragraph. 
To explore the azimuthal variation of D 4000 , we subtract the radial

radient from the original D 4000 maps (middle panels of Fig. 8 ) to cre-
te the D 4000 residual maps ( � D 4000 ; right panels of Fig. 8 ). The radial
radient is represented by the weighted average of each 1 kpc ellipti-
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Figure 6. Left panels: radial profiles of gas-phase metallicity of SG 1202 (top) and SG 1204 (bottom), colour coded by 1 σ uncertainty. The vertical solid line 
delimits the 1 R e . The pink star symbols are the weighted average of each 1 kpc elliptical bin. We observe a steep-shallow metallicity gradient in SG 1202 
that is consistent with the simulation in Garcia et al. ( 2023 ) and local observations in Grasha et al. ( 2022 ) and Chen et al. ( 2023 ). We find a flat metallicity 
gradient in SG 1204 that indicates strong mixing effects. Middle panels: gas-phase metallicity maps 12 + log(O/H) of SG 1202 (top) and SG 1204 (bottom), 
o v erplotted with the boundary of spiral arms and an ellipse at the location of 1 R e . We find a concentration of blue spaxels with low metallicity within the spiral 
arms of SG 1202 but no systematic difference between arms and interarms of SG 1204. Right panels: residual metallicity maps � log(O/H) of SG 1202 (top) 
and SG 1204 (bottom) obtained by subtracting the radial gradient (pink star symbols in the left column) from the metallicity maps (middle), o v erplotted with 
the boundary of spiral arms and ellipse at 1 R e . We observe a lower � log(O/H) in the arm regions of SG 1202, but no significant azimuthal variation in SG 1204. 
This difference can be a consequence of efficient mixing that is implied in the flat metallicity gradient of SG 1204. 

Table 2. The p -values of KS test on � log(O/H) – first and third rows –
and � D 4000 – second and fourth rows – in the spiral arms versus interarms 
(column 3), �φ < 0 (downstream) versus �φ > 0 (upstream) in column 4. 
The populations whose p -values from the KS test are larger than 1 per cent are 
highlighted in bold. 

Galaxy Gas and stellar properties Arms versus interarms �φ < 0 versus �φ > 0 

SG 1202 � log(O/H) 1.7 × 10 −4 4.7 × 10 −3 

� D 4000 2.0 × 10 −6 1.4 × 10 −1 

SG 1204 � log(O/H) 6.8 × 10 −2 4.1 × 10 −1 

� D 4000 3.6 × 10 −3 3.9 × 10 −1 
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al bin (light pink star symbols in the left panels of Fig. 8 ). A positive
 D 4000 indicates an older stellar age than the average stellar age at

he same galactocentric distance. Both SG 1202 and SG 1204 show a
enerally ne gativ e � D 4000 (blue spaxels) within the spiral arms. The
S test results ( p -value of 2.0 × 10 −6 ) indicate that the distribution of
 D 4000 in the spiral arms of SG 1202 is significantly different from

he distribution in the interarms. Similarly, SG 1204 shows a � D 4000 

ariation between arms and interarms, with a p -value of 3.6 × 10 −3 .
he concentration of ne gativ e � D 4000 (younger stellar population) in

he arm region of SG 1202 and SG 1204 is in line with the expectation
rom the observed higher 
 SFR in the arms (Section 3.5 ). We will
urther discuss the connection among different tracers in Section 4 . 

Taking advantage of the high spatial resolution of MUSE, we 
ompare the D 4000 in the downstream and upstream across different 
adii (Fig. 9 ). We observe no distinguishable D 4000 offset, within 1 σ
ncertainty, between downstream and upstream in SG 1202 from 

he radial profiles (Fig. 9 ). The p -values from the KS test on the
 D 4000 of downstream versus upstream (1.4 × 10 −1 for SG 1202

nd 3.9 × 10 −1 for SG 1204) indicate the � D 4000 on both sides
f the spiral arms are consistent with being drawn from the same
istribution. The offset of the medians on the outskirt of SG 1204
ould be attributed to the limited number of available spaxels. 

To summarize, the open-armed spiral galaxy SG 1202 shows 
igher 
 SFR (left panel of Fig. 5 ) and lower gas-phase metallicity
left panel of Fig. 7 ) in the downstream ( �φ < 0; orange) than the
pstream ( �φ > 0; purple). As a proxy for the stellar age within
G 1202, D 4000 does not show a distinguishable offset between 
oth sides of the arm regions (left panel of Fig. 9 ). The tightly
ounded spiral galaxy SG 1204 presents no significant differences 

n the 
 SFR (right panel of Fig. 5 ), 12 + log(O/H) (right panel of Fig.
MNRAS 527, 2991–3005 (2024) 
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Figure 7. Comparison of metallicity in the �φ < 0 (downstream; orange) versus �φ > 0 (upstream; purple) spaxels in SG 1202 (left) and SG 1204 (right). The 
large solid triangles are the medians of each 1 kpc elliptical bin, with 1 σ error bars. 1 R e is marked as vertical solid lines. The KS test suggests the 12 + log(O/H) 
in the downstream and upstream of SG 1202 are possibly drawn from different distributions, while agreeing that the 12 + log(O/H) on both sides of the spiral 
arms in SG 1204 are possibly drawn from the same distribution. 

Figure 8. Radial profiles colour coded by 1 σ uncertainty (left), 2D maps (middle), and residual maps (right) of D 4000 in SG 1202 (top) and SG 1204 (bottom). 
The residual maps are calculated by subtracting the weighted average of each 1 kpc bin (light pink star symbols in the left panel) from the observed D 4000 

maps (middle panel). The location of R e is shown as a vertical line in the left panel and as an ellipse in the middle and right panels. The boundary of the spiral 
arm regions is overplotted as dashed lines on the D 4000 and residual maps. We find negative D 4000 radial gradients in both galaxies that support an inside-out 
formation scenario. Both D 4000 maps and residual maps indicate lower D 4000 (younger stellar populations) in the spiral arms of SG 1202 and SG 1204. 
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 ), or D 4000 (right panel of Fig. 9 ) between the downstream and the
pstream. Observed differences in the azimuthal distributions of H α,
2 + log(O/H), and D 4000 may arise due to the different stellar time-
cales for these tracers, which will be further discussed in Section 4 .

 DISCUSSION  

n this section, we discuss the impacts of the boundary between
ownstream and upstream regions on the results of the MAGPI
NRAS 527, 2991–3005 (2024) 
urv e y. We illustrate the differences among various ISM tracers
nd stellar population indicators. It reminds us of the importance
f selecting an appropriate indicator when testing the density wave
heory through observations. We also compare our observational
esults with the theoretical expectations derived from the density
ave theory and the dynamical spiral theory. In the last subsection,
e address the effects of gas flows, which can complicate our test of

he density wave theory. 
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Figure 9. Similar to Fig. 7 but with D 4000 on the y -axis. We find comparable D 4000 between �φ > 0 (upstream; purple) and �φ < 0 (downstream; orange) in 
both SG 1202 and SG 1204. 

Figure 10. �φ map after applying the limit of | �φ| < 40 ◦. The grey regions 
are defined as the spiral arm regions. The limit of the colour bar is matched 
with Fig. 3 for better comparison. 
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.1 Impacts of the boundary between downstream and 

pstr eam r egions 

e find enhanced 
 SFR in the downstream (orange) than the upstream 

purple) in SG 1202 but not in D 4000 . It is important to note that the
onnection between downstream and upstream at the high | �φ| end 
an possibly obscure the signals of offset. To address this, we conduct
 test with SG 1202 by employing a | �φ| limit of < 40 ◦ (see Fig. 10 )
nd subsequently recompare the downstream and upstream regions. 
imilarly, we detect a significant azimuthal variation in 
 SFR but not 

n the 12 + log(O/H) or D 4000 (Fig. 11 ). The p -value (1.6 × 10 −3 )
rom the KS test suggests the 12 + log(O/H) on both sides of the
piral arms are drawn from different distributions. On the other hand, 
he p -value (7.3 × 10 −1 ) from the KS test indicates the D 4000 on both
ides of the spiral arms are drawn from the same distribution. These
esults are consistent with our main findings, where we do not impose
 limit on the | �φ| (see Section 3 ). Our tests suggest that the linkage
etween the downstream and the upstream has minimal impact on 
he azimuthal variation. 
.2 Difference in various tracers 

he interpretation of the physics driving our observational trends is 
mpacted by the different time-scales associated with and traced by 
he ISM and stellar properties. Poggio et al. ( 2022 ) find the progres-
ive disappearance of spiral structures in the global metallicity when 
hey gradually include cooler and older stars. Their result hints at
he importance of using tracers sensitive to appropriate time-scales 
hen observing spiral structures and material in the interarm regions. 
e compare and summarize what the different indicators (SFR, gas- 

hase metallicity, and D 4000 ) trace and their different time-scales in
his section. 

Only stars more massive than ∼20 M � produce a measurable 
onizing photon flux. For recently formed stellar populations born 
hrough an instantaneous burst, the ionizing photon flux decreases 
y two orders of magnitude between 5 and 10 Myr after the burst.
hus, the H α emission is an instantaneous tracer ( � 30 Myr; Calzetti
013 ) of the youngest, most massive, and short-lived rare stars. 
Gas-phase metallicity traces metals produced by recent star for- 
ation, and it reaches equilibrium within a concise time (a few

undred Myr) compared to the depletion time (Dav ́e, Finlator &
ppenheimer 2011 , 2012 ; Lilly et al. 2013 ; Sharda et al. 2021 ). The

mission lines we use to measure metallicity are mostly excited by
 and B stars, which have formed within the past � 10 Myr, and the
as-phase metallicity measured in this way can therefore be treated 
s the current ‘instantaneous’ metallicity of the gas out of which the
tars have formed. 

The D 4000 is tracing the stellar population ages, while H α and
as-phase metallicity are indicators for gas ISM properties. The drop 
n intensity at the blue end of the spectrum is a result of (1) a
elative lack of young, bright, blue stars in old stellar populations that
ominate the light of a galaxy and (2) increased metal absorption in
tellar atmospheres of old and metal-rich stellar populations. D 4000 is 
ensitive to starbursts in the past 1–2 Gyr (Kauffmann et al. 2003a ),
hich is tracing a time-scale significantly longer than that of H α

mission and gas-phase metallicity. The long time-scale may allow 

he latest generation of stars to travel across the disc and reach the
ext spiral pattern. Because of their rarity and short-lived nature, the
assive stars make up a small portion of all stars in a galaxy and thus

ave a small effect on the mean D 4000 in the IFS data as opposed to
o w-mass, cooler, and longer li ved stars. Therefore, the influence of
MNRAS 527, 2991–3005 (2024) 
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Figure 11. Radial profiles of 
 SFR , 12 + log(O/H), and D 4000 , colour coded by the downstream (orange) and upstream (purple). Only spaxels where | �φ| < 40 ◦
are considered. 
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piral structures on D 4000 is less significant, compared to H α as an
mission line feature. 

We estimate the upper limit of crossing time ( t ) between two spiral
rms by assuming the spiral arms have an equal distance to each other
t a radius of 2 R e , using the following equations: 

 arm 

= 

4 πR e 

3 
, (8) 

here D arm 

is simply the circumference at 2 R e divided by 3 (for a
hree spiral-arm galaxy), 

 = 

D arm 

v rot 
. (9) 

We adopt the gas rotational velocity ( v rot ) from Sharma et al. (in
reparation), which yields the beam-smearing corrected rotational
urve based on their 3D modelling method of the ionized gas kine-
atics. They find that v rot at 2 R e is 225 and 305 km s −1 in SG 1202 and
G 1204, respectively. The galactocentric distance of 2 R e is 20 kpc
or SG 1202 and 18 kpc for SG 1204. The estimated crossing time
f SG 1202 (SG 1204) is ∼0.18 Gyr ( ∼0.12 Gyr), which is shorter
han the time-scale to which D 4000 is sensitive (1–2 Gyr). Thus the
bsent azimuthal variation in the D 4000 of SG 1202 and SG 1204 is
ot unreasonable. Both estimated crossing times are longer than the
ime-scale to which H α is sensitive (i.e. � 30 Myr). Therefore, the
bserved azimuthal variation in H α of SG 1202 is reasonable. 
Our work reveals the underlying differences in time-scales traced

y gas ISM properties (H α and gas-phase metallicity) and stellar
opulations (D 4000 ). When investigating the mechanisms driving
piral features, selecting an indicator sensitive to a time-scale shorter
han the crossing time t is crucial. Our pilot sample suggests that an
nstantaneous or short time-scale tracer (e.g. SFR and gas-phase

etallicity) is better suited for testing the density wave theory,
ompared to D 4000 . 

.3 Testing the density wave theory 

ecently, there have been a growing number of observational tests on
he density wave theory and dynamic spiral theory, which are mostly
egarding the pattern speed of spiral arms and the differentiation of
as and stellar motion. Because of the challenges in measuring the
attern speed, an indirect method to constrain the origin of spiral fea-
ures is to determine the location of spiral shocks. The density wave
heory expects an offset between the spiral shocks and the spiral pat-
ern while there is no observ able of fset expected by the dynamic spi-
als. In SG 1202, we find significantly higher ( ∼0.25 dex) 
 SFR in the
eading edge of the spiral arms (downstream; orange). The azimuthal
NRAS 527, 2991–3005 (2024) 
ariation in 
 SFR suggests that the origin and development of the
piral arms in SG 1202 can be explained by the density wave theory.

Based on the density wave theory, Edmunds ( 1990 ) and Ho et al.
 2017 ) construct chemical evolution models that predict an azimuthal
ariation in the gas-phase metallicity. NGC 1365 (Ho et al. 2017 )
s observed to show azimuthal variation in the gas-phase metallicity
hat is consistent with the enhancement effects of spiral arms when

aterial flows across the density wav es. Howev er, there are some
earby spiral galaxies showing no azimuthal variation in metallicity
Kreckel et al. 2019 ). 

In this work, we do not observe a significant azimuthal variation in
etallicity in SG 1202, unlike NGC 1365 ( ∼0.2 dex; Ho et al. 2017 ).
he KS test (Section 3.6 ) shows that the gas-phase metallicities

n the downstream and upstream regions of SG 1202 are drawn
rom different distributions, which is consistent with the chemical
volution models based on the density wave theory. 

Dobbs & Pringle ( 2010 ) suggest an indirect method to examine
he density wave theory through the observed age distribution of
tellar clusters. Based on the density wave theory (Lin & Shu 1964 ),
tar formation occurs when the gas is compressed and shocked as it
eriodically passes through the spiral density wave. Because of the
ifferential rotation between material and density wave, the newborn
tars mo v e out of the spiral pattern, where the stellar populations
nside the corotation radius o v ertake the spirals, while the stellar
opulations outside the corotation radius are left behind. This is
bservable as a red spiral arm with an older stellar population that
hows a smaller pitch angle than a blue spiral arm with young
tellar ages (Mart ́ınez-Garc ́ıa, Gonz ́alez-L ́opezlira & Bruzual-A
009 ; Pour-Imani et al. 2016 ). The density wave theory would
hus be observable through an offset between different cluster ages
zimuthally across the spiral, whereas dynamic spirals predict no
ge pattern as material falls into the minimal potential from both
ides of the spiral arms, resulting in stars at similar ages lying on
oth sides of the spirals. This method is widely applied to spatially
esolved data (Mart ́ınez-Garc ́ıa, Gonz ́alez-L ́opezlira & Bruzual-A
009 ; S ́anchez-Gil et al. 2011 ; Shabani et al. 2018 ; Abdeen et al.
022 ), supporting the density wave theory. On the other hand, there
re studies that show no age pattern (Choi et al. 2015 ; Shabani et al.
018 ), in agreement with dynamic spirals. 
The limited SNR of the continuum in the MAGPI data hinders

ur ability to determine reliable and resolved stellar ages through
ED fitting. In this study, we employ D 4000 as a stellar age proxy
ith the necessary spatial resolution. In both SG 1202 and SG 1204,
e do not find a statistically significant offset of D 4000 between the
ownstream and upstream regions. As detailed in Section 4.2 , D 4000 
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s not an ideal indicator for testing the density wave theory due to its
ong time-scale (1–2 Gyr). Thus, it remains inconclusive to compare 
he observations and theories regarding stellar ages in the context of
ensity wave theory in this work. 
Some of our observations provide evidence that challenges the 

alidity of the density wave theory. In SG 1204, we observe no
zimuthal variation in either 
 SFR or gas-phase metallicity, which 
hows a preference for the dynamic spiral theory. It is a caveat that
he lack of azimuthal offset results from the combination of (i) more
ronounced beam-smearing effects than SG 1202, and (ii) a shorter 
ixing time-scale in SG 1204, which features tighter pitch angles. 
e need to expand our study to more MAGPI spiral galaxies to have

 better understanding of how pitch angles impact our test of the
ensity wave theory. 

.4 Radial gas flows complicate the comparison between 

bser v ations and theories 

revious simulations (Di Matteo et al. 2013 ; Grand et al. 2016 ; Carr
t al. 2022 ; Orr et al. 2023 ) have discussed the impact of radial
tellar migration and gas flows, induced by asymmetric structures 
uch as spiral arms and stellar bars, on the radial and azimuthal
ariations of metals. In the Feedback In Realistic Environments 2 
FIRE-2) simulation, Orr et al. ( 2023 ) find that the spiral arms act as
ighways to transfer enriched gas outward, flattening the metallicity 
adial gradients. The FIRE-2 simulated galaxies show no bias of 
as-phase metallicity between the arm and interarm regions when 
he subgrid turbulent diffusion of metals is considered. Simulations 
y Khoperskov et al. ( 2023 ) reveal that the peak of ISM metal-
ich material varies depending on the initial radial ISM metallicity 
radient. Specifically, the metal-rich gas is concentrated as a spiral 
eature in the trailing side of the stellar spiral arm when a radial
radient is present in the simulation. Their simulation does not see 
arge-scale azimuthal variation in metallicity in a spiral galaxy set 
ith no radial gradient. The radial gas flows are important and non-
e gligible as the y potentially impact and complicate the observed 
etallicity gradient and azimuthal variation. Consequently, they 

bscure potential observational signatures of density waves and affect 
ur interpretation of the origin of spiral features. 
We detect a ne gativ e gas-phase metallicity radial gradient 

n both SG 1202 ( −0.069 ± 0.002 dex/ R e ) and SG 1204
 −0.014 ± 0.007 dex/ R e ), consistent with an inside-out galaxy 
ormation. The gradients we measure for these two galaxies are 
elati vely shallo w compared to those typically seen in local spiral
alaxies in the Calar Alto Le gac y Inte gral Field Area (CALIFA)
urv e y ( −0.1 dex/ R e ; S ́anchez et al. 2015 ), and in the MaNGA
urv e y ( −0.14 de x/ R e ; Belfiore et al. 2017 ). This scenario could
e indicative of radial gas flows dispersing and flattening the metal 
istribution. 
The higher gas-phase metallicity observed in the trailing edge of 

G 1202 (Fig. 6 ) is consistent with the simulated galaxy with an
nitial radial gradient in Khoperskov et al. ( 2023 ) The metallicity
istribution in SG 1202 could be driven by the density wave theory
nd/or radial gas flows. In SG 1204, the azimuthal variation of
etallicity is non-observable with a flat metallicity radial gradient. 
his scenario is in line with Khoperskov et al. ( 2023 ) where the
resence of radial metallicity gradient is essential for azimuthal 
ariation. The dynamic spirals can also result in no azimuthal 
ariation in metallicity. Our current observations are insufficient to 
iscern the dominant physical mechanisms driving the spiral features 
n SG 1202 and SG 1204. 
 C O N C L U S I O N S  

e study the two-dimensional distributions of 
 SFR (H α), gas-phase 
etallicity, and D 4000 in two three-armed spiral galaxies, SG 1202 

nd SG 1204, at z ∼ 0.3 (3–4 Gyr ago) from the MAGPI surv e y
Foster et al. 2021 ). The goal of our study is to investigate the
riving physics of spiral arm formation and how the different physical 
echanisms impact and vary the ISM and stellar properties within 

nd upstream/downstream from the spiral arms. Specifically, we 
ompare our findings with the expectations from two spiral arm 

ormation mechanisms: density wave theory and dynamic spirals. 
In SG 1202, we observe higher 
 SFR (Fig. 4 ), systematically lower
etallicity (Fig. 6 ), and younger stellar age (Fig. 8 ) in the spiral

rms than the interarms. In SG 1204, we do not find a statistically
ignificant difference in metallicity (Fig. 6 ) or D 4000 (Fig. 8 ) between
he arms and interarms. We do, ho we v er, reco v er higher 
 SFR (Fig.
 ) in the arms of SG 1204. These results support the enhancement of
tar formation within the arm regions. The diversity in the metallicity
nd stellar age azimuthal trends between SG 1202 and SG 1204 may
e a result of a combination of beam-smearing effects and/or shorter
ixing time-scale, likely due to the tighter pitch angles in SG 1204

ompared to SG 1202. 
We find higher 
 SFR in the leading edge of spiral arms ( �φ < 0;

ownstream) in SG 1202 (Fig. 5 ). This matches the expectation 
f the density wave theory. The observed higher metallicity in the
railing edge of the spiral arms of SG 1202 (Fig. 7 ) is consistent
ith the expectations of radial gas flo ws dri ven by spiral arms

Khoperskov et al. 2023 ). SG 1204, on the other hand, does not show
 statistically significant offset in the 
 SFR (Fig. 5 ) or metallicity
Fig. 7 ) between both sides of the spiral arms. Our findings for
G 1204 are consistent with the dynamic spiral theory. This could
lso be impacted by radial gas flows, which is consistent with the
imulated spiral galaxies with no radial gradients in Khoperskov 
t al. ( 2023 ). We are ho we ver unable to determine the dominant
echanism driving the observations based on the current data. 
Neither galaxy shows an azimuthal variation in the D 4000 (Fig. 

 ), which may be a consequence of the long time-scale (1–2 Gyr)
raced by D 4000 . This reflects the importance of choosing an indicator
ensitive to changes in star formation on time-scales shorter than the
ravel time between two spiral arms. 

The effects of spiral arms on the ISM are a complex question
equiring further high-resolved observational data across cosmic 
ime. This work is a pilot project with two spiral galaxies at z ∼
.3, with a plan to expand the data to the entire MAGPI survey. 
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PPENDI X:  I DENTI FI ED  SPI RAL  A R M S  F RO M  

PA R C F I R E 

n Section 3.3 , we introduce our method of defining the spiral arm
idge lines. The initially defined spiral arms from SPARCFIRE are 
 v erplotted on the deprojected white-light images of our galaxies in
he left column of Fig. A1 . We fine-tune the starting and ending radii
f the spiral ridge lines to impro v e their alignment with the observed
hite-light images, shown in the right column of Fig. A1 . The red

piral arms are clockwise with positive pitch angles, while the blue
nes are counterclockwise with ne gativ e pitch angles. 

igure A1. Left column: the spiral arm ridge initially defined by SPARCFIRE ,
 v erplotted on the deprojected white-light images after subtracted by the
 ́ersic profile. The red spiral arms are clockwise, while the blue ones are
ounterclockwise. Right column: the final accepted spiral arm ridge after we
ne-tune the starting and ending radii of the spiral arms to impro v e their
lignment with the observed white-light images. The top panels show the
G 1202, while the bottom panels show the SG 1204. 
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