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A B S T R A C T 

Radial abundance gradients provide sound constraints for chemo-dynamical models of galaxies. Azimuthal variations of 
abundance ratios are solid diagnostics to understand their chemical enrichment. In this paper , we in vestigate azimuthal variations 
of abundances in the Milky Way using Cepheids. We provide the detailed chemical composition (25 elements) of 105 Classical 
Cepheids from high-resolution SALT spectra observed by the MAGIC project. Negative abundance gradients, with abundances 
decreasing from the inner to the outer disc, have been reported both in the Milky Way and in external galaxies, and our results 
are in full agreement with literature results. We find azimuthal variations of the oxygen abundance [O/H]. While a large number 
of external spirals show negligible azimuthal variations, the Milky Way seems to be one of the few galaxies with noticeable 
[O/H] azimuthal asymmetries. They reach ≈0.2 dex in the inner Galaxy and in the outer disc, where they are the largest, thus 
supporting similar findings for nearby spiral galaxies, as well as recent 2D chemo-dynamical models. 

Key words: stars: abundances – stars: variables: Cepheids. 
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 I N T RO D U C T I O N  

adial abundance gradients provide sound constraints to galaxy
ormation scenarios. Indeed, the star formation history, the accretion
istory, the radial migration of stars, and the radial flows of gas
nd their variations with the Galactocentric distance, simultaneously
etermine the shape of abundance gradients. Chemo-dynamical
odels of the Milky Way must therefore reproduce the observed

radients and their evolution with time. 
The advent of Integral Field Spectrographs (IFS) has provided

he opportunity to explore a large number of nearby spiral galaxies
for a re vie w, see S ́anchez 2020 ), most of them showing ne gativ e
bundance gradients from the inner to the outer disc and a flatten-
ng of the gradient in the outermost regions (S ́anchez-Menguiano
t al. 2018 ). Spectroscopic inv estigations co v ering the outermost
egions of large spiral galaxies also show a well-defined ne gativ e
ge gradient (e.g. Li et al. 2015 ), thus supporting the ‘inside-out’
cenario (e.g. Matteucci & Francois 1989 ; Spitoni & Matteucci
011 ). 
In the Milky Way, the task is more complicated: 
 E-mail: vkovtyukh@ukr.net 
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(i) only recently, Gaia (Gaia Collaboration 2018 ) provided ac-
urate parallax-based distances for a large number of tracers [in
articular, red giant branch (RGB) stars], but they are limited to the
xtended ( ≈5 kpc) Solar neighbourhood, and RGB ages could be
etermined only for a smaller, nearby sample; 
(ii) tracers with both accurate distances (even far from the Sun)

nd ages, such as Cepheids and open clusters, do not co v er the
ntire age range, they are rarer than RGBs, and samples are not yet
omplete, especially in the outer disc; 

(iii) extinction hampers the detection and the spectroscopic anal-
sis in the optical regime of (all) distant tracers. 

s a result, the radial distribution of oxygen and iron abundances
among others) in the Galactic disc is still not clear. Using Cepheids,
inear [Fe/H] gradients with a slope of roughly −0.05 dex kpc −1 

escribe well the data o v er distances in the (5–15) kpc range (e.g.
ovtyukh, Wallerstein & Andrievsky 2005 ; Genovali et al. 2014 ;
uck 2018 ), but more complicated features including a flattening in

he outer disc and a sharp variation of ≈0.2 dex in the slope have
lso been suggested (e.g. Luck et al. 2003 ). Similar radial gradients
nd a flattening for Galactocentric distances larger than 14/16 kpc
ave also been found by Donor, Frinchaboy & Cunha ( 2020 ) and
y Magrini et al. ( 2017 ) using open clusters co v ering a moderate
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Table 1. Information on the spectra and atmospheric parameters for the investigated Cepheids. The modified Julian date (MJD) of the observations and the 
exposure times are given in columns (2) and (3). The following columns display T eff , its uncertainty ( σ ), the number N of line depth ratios used to derive T eff , 
and the quantity σ/ 

√ 

N . Then the values of log g and Vt are provided, followed by [Fe/H], its uncertainty and the number of Fe I lines used. Additional remarks 
are provided when necessary. Only the first 10 lines of the table are shown. The full table is available in electronic form as table 1. 

Object MJD Exp. time T eff σ N σ/ 
√ 

N log g Vt (Fe/H) Sigma N Remarks 
2450000 + (s) (K) (K) (K) km s −1 (dex) 

RW CMa 7733.40182 1597 6019 158 69 19 .1 1.60 2.90 0.07 0.07 149 
RW CMa 7733.41557 1597 5992 81 57 10 .7 1.60 3.20 0.03 0.06 137 
RW CMa 7755.34911 1597 5993 104 60 13 .4 1.70 2.90 0.05 0.10 99 
V384 CMa 7763.31139 3000 5554 146 59 18 .9 1.65 2.30 0.02 0.06 114 
CC Car 7530.33756 3000 5726 91 78 10 .3 1.70 2.90 0.18 0.10 196 
CR Car 7736.51354 2248 5859 87 71 10 .4 1.50 2.80 0.14 0.07 194 
CT Car 7531.30744 3340 5298 97 67 11 .8 1.00 3.20 0.07 0.06 195 
FN Car 7737.55065 2212 5784 69 72 8 .2 1.70 2.60 0.15 0.07 198 
FQ Car 7736.54721 2672 5210 57 69 6 .9 1.30 3.10 0.17 0.08 183 
FZ Car 7548.29140 2943 5970 87 76 10 .0 1.90 2.60 0.13 0.12 197 
... ... ... ... ... ... ... ... ... ... ... ... 
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ange in ages. A sharp variation in the slope of the radial gradient
cross the solar circle was also suggested by Twarog, Ashman & 

nthony-Twarog ( 1997 ) by using a sizable sample of open clusters.
ure 1D chemical evolution models (e.g. Cescutti et al. 2007 ), as
ell as hybrid models, which include in addition 3D kinematics 

rom numerical simulations (e.g. Minchev, Chiappini & Martig 2014 ; 
ubryk, Prantzos & Athanassoula 2015 ), reproduce quite well the 
epheid and open cluster observations. We note in passing that, 
iv en their v ery young age ( < 300 Myr), Cepheids are presumably
nly marginally affected by radial migration. 
Significant azimuthal variations in [O/H] have for now been 

eported in only a few galaxies (Li, Bresolin & Kennicutt 2013 ;
 ́anchez et al. 2015 ; S ́anchez-Menguiano et al. 2016 ; Zinchenko
t al. 2016 ; Ho et al. 2017 ; Vogt et al. 2017 ; Ho et al. 2018 ).
o we ver, we still lack solid empirical/theoretical evidence to assess
hether they are either local anomalies or the aftermath of secular 

volutions. In the Milky Way, various authors have reported large- 
cale inhomogeneities in the azimuthal gradient, for instance Davies 
t al. ( 2009 ) using open clusters, Luck, Ko vtyukh & Andrievsk y
 2006 ); Lemasle et al. ( 2008 ); Genovali et al. ( 2014 ) using Cepheids,
alser et al ( 2011 , 2015 ) using H II regions. The latter studies found
zimuthal abundance variations for [O/H], leading to different slopes 
by a factor about two) for the [O/H] Galactocentric radial gradient, 
epending on the Galactic azimuth range sampled, and those results 
ere confirmed by Wenger et al. ( 2019 ). By using a 2D chemo-
ynamical model taking account for the Milky Way spiral pattern 
pitoni et al. ( 2019 ) found a scatter in the azimuthal variations of

he oxygen abundance gradient and suggested that it is the conse- 
uence of the multiple spiral modes moving at different rotational 
elocities. 

In this paper, we present new results of the M ilky W A y G alaxy
 I th SALT spe C troscopy project (MAGIC; Kniazev et al. ( 2019 ),
 large spectroscopic surv e y that uses spectral instrumentation of
he Southern African Large Telescope (SALT; Buckley, Swart & 

eiring 2006 ; O’Donoghue et al. 2006 ). MAGIC targets pulsat-
ng variable stars, in particular, Cepheids in order to study the 

ilky Way chemical evolution. We provide the stellar parameters 
f 105 Classical Cepheids and the abundances of 25 elements, 
ased on 122 high-resolution SALT spectra. Our spectroscopic 
nalysis is described in Section 2, and the results in terms of
adial gradients and azimuthal inhomogeneities are presented in 

ection 3 1
 SPECTROSCOPIC  ANALYSI S  

.1 Data 

e have used the SALT HRS high-resolution spectrograph operated 
n the medium-resolution mode (MR: R ∼37 000–39 000). It provides
wo spectra in the blue and red arms o v er a spectral range of

3900–8900 Å. Both the blue and red CCDs were read out in the
tandard 1 × 1 binning mode. Three spectral flats and one spectrum
f ThAr + Ar lamps were obtained in that mode from a 1-week
eries of HRS calibrations, which yield an accuracy of the velocity
easurements of about 150 m s −1 in the MR mode. 1 The HRS

rimary data reduction, including o v erscan and gain corrections, 
s well as bias subtractions, was done through the SALT science
ipeline (Crawford et al. 2010 ). The spectroscopic reduction of the
RS data was performed using our own HRS pipeline, described 

n detail in Kniaze v, Gv aramadze & Berdnikov ( 2016 ) and Kniazev
t al. ( 2019 ). Rele v ant information about the spectra is gi ven in
able 1 , and the main parameters of Cepheids are given in Table 2 . 

.2 Determination of abundances 

he ef fecti ve temperature, T eff , was derived from line-depth ratios
Kovtyukh 2007 ), a technique commonly employed in studies of 
epheid v ariables (e.g. Andrie vsky et al. 2002a ; Lemasle et al. 2007 ;
ovtyukh et al. 2016 ; Luck 2018 ; Proxauf et al. 2018 ). Once T eff 

etermined, the surface gravity log g was computed by imposing the 
ron ionization balance. The microturbulent velocity, Vt, was derived 
ssuming that there is no correlation between the iron abundance 
(Fe), obtained from Fe I lines, and the equi v alent widths (EW) of

he same lines. The adopted value for [Fe/H] is the one derived from
he Fe I lines, since we imposed the ionization balance and because
hey outnumber Fe II lines. The atmospheric parameters T eff , log g 
nd Vt are listed in Table 1 . 

The abundances of different elements were derived in the LTE 

pproximation using atmosphere models interpolated for the specific 
tmospheric parameters of each individual star within the grid of 
odels by Castelli & Kurucz ( 2004 ). We discarded strong lines

with EWs > 150 m Å) due to noticeable damping effects. The list of
he lines measured is given in Lemasle et al. ( 2015 ). The oscillator
 See this link for more details 
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Table 2. Spatial distribution of the Cepheids. The table lists the Galactic coordinates, the heliocentric distance, the pulsation period 
and pulsation mode, the azimuthal angle φ, and the Galactocentric distance R G . The metallicity [Fe/H] is recalled in the last column. 
(Only the first 10 lines of the table are shown. The full table is available in electronic form). 

Star l b Distance Period, pulsation mode φ Rg [Fe/H] 
(deg) (deg) (pc) (day) (deg) (kpc) dex 

RW CMa 232.04 –3 .81 3051 5 .7297117 F –13.47 10 .31 0.05 
V384 CMa 230.28 –5 .38 4679 4 .2059423 F –17.85 11 .69 0.02 
CC Car 289.37 –1 .59 4515 4 .7598281 F –32.62 7 .90 0.18 
CR Car 285.66 –0 .37 4740 9 .7588957 F –33.60 8 .25 0.14 
CT Car 287.63 –2 .77 10 083 18 .0608858 F –62.02 10 .87 0.07 
FN Car 289.60 –0 .12 3811 4 .5856135 F –27.59 7 .75 0.13 
FQ Car 290.91 –0 .35 4261 10 .2739900 F –30.98 7 .73 0.17 
FZ Car 288.39 0 .31 3962 3 .5780713 1O –28.58 7 .86 0.13 
GI Car 290.26 2 .54 1912 4 .4307267 1O –13.46 7 .70 0.03 
V690 Car 280.59 –3 .31 3368 4 .1505759 F –23.69 8 .22 0.20 
... ... ... ... ... ... ... ... 
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trengths, log gf, are adopted from the Vienna Atomic Line Database
Kupka et al. 1999 , version 2018). The solar abundances are taken
rom Asplund et al. ( 2009 ). Abundances from C to Mn are listed in
able 3 and abundances from Fe to Gd are listed in Table 4 . 
To estimate the error budget on the abundances derived, we

roceeded as follows: 
e computed the abundances with deliberately o v er- or under-

stimated values for a given atmospheric parameter and computed
he total uncertainty as the sum in quadrature of the uncertainties
elative to a single parameter. Such a procedure overestimates the
ncertainties in the final abundances due to uncertainties in the
tmospheric parameters, as the latter are correlated. We repeated
he e x ercise for two representativ e Cepheids and the uncertainties on
he abundances are reported in Table 5 . 

 T H E  GALAC TIC  R A D I A L  A BU N DA N C E  

R A D I E N T S  

n this section, we study the radial abundance gradient for different
roups of elements. As is customary for gradient studies, we display
ur measurements in the [Fe/H] versus Galactocentric distance ( R G )
lane. The possible azimuthal dependence of the gradients are
iscussed in the next section. We complement our new chemical
bundances (105 Cepheids) by literature values compiled by Luck
 2018 ), who conducted a similar spectroscopic analysis. 

.1 Distances 

or our new sample, as well as for the Cepheids from the literature, we
ave computed the Galactocentric distances by adopting a distance
o the Galactic centre of R G , �= 8.15 kpc (Gravity Collaboration
019 ; Reid et al. 2019 ) and heliocentric distances to Cepheids
rom Skowron et al. ( 2019 ). Skowron et al. ( 2019 ) used mid-
nfrared Spitzer (Churchwell et al. 2009 ) and WISE (Mainzer et al.
011 ) photometry together with the mid-infrared period–luminosity
elations derived by Wang et al. ( 2018 ) and the extinction maps of
ovy et al. ( 2016 ). 
Our sample includes ∼10 Cepheids with R G � 6 kpc (25 with R G <

 ̇kpc), improving the sampling of the inner Galactic region. It also
ncludes 14 Cepheids with R G > 11 kpc. Such stars are important
s the outer disc remains poorly sampled compared to the Solar
eighbourhood. Moreo v er, these new distant Cepheids are mostly
NRAS 510, 1894–1901 (2022) 
ocated in the fourth Galactic quadrant (see Fig. 1 ), which has been
nly partially explored from the Cepheids point of view. The relevant
nformation regarding the spatial location of the Cepheids is gathered
n Table 2 . 

.2 Radial abundance gradients 

he radial iron gradient is shown in Fig. 2 . Our new measurements
 v erlap perfectly previous results in the [7–10] kpc range. They
onfirm a steeper slope in the inner disc as already proposed by
ndrievsky et al. ( 2002b ) and Pedicelli et al. ( 2010 ). [Fe/H] caps at ≈
 0.4 ± 0.5 dex, and there are hints that there is a plateau around those
 alues to wards the inner disc, as already suggested by Martin et al.
 2015 ); Inno et al. ( 2019 ). The few Cepheids known to be located
n the vicinity of the Galactic centre have been spectroscopically
nalysed by Kovtyukh et al. ( 2019 ) 

Since oxygen is predominantly released in type II supernovae
SNe II), it is important to trace the radial abundance gradient of
xygen in order to investigate the impact of the spiral arms on the
alactic chemical enrichment. Indeed, the progenitors of SNe II

re young massive stars, and most of them explode before having
eft the spiral arm in which they are born (Acharova, L ́epine &

ishurov 2005 ). Ho we ver, oxygen is difficult to measure in Cepheids
ecause the few oxygen lines available in Cepheids’ atmospheres
re blended or strongly affected by NLTE effects (Korotin et al.
014 ; Vasilyev et al. 2019 ). The oxygen radial gradient, displayed
n Fig. 3 , nevertheless follows the iron gradient, albeit with a much
arger scatter. 

The same holds for the α-elements gradients, for which we show
he radial distribution of the average abundances of the elements Si,

g, and Ca (with equal weights) in Fig. 4 . As expected, the oxygen
nd α-element radial abundance gradients are within the errors quite
imilar. Similarly to oxygen, sulphur abundances show a large scatter
t a given R G due to the small number (and weakness) of S lines
vailable in the spectral range co v ered by our spectra. 

It is no surprise that iron-peak elements follow the radial distri-
ution of [Fe/H], as e x emplified by the [Ni/H] gradient shown in
ig. 5 
The large scatter in the distribution of neutron-capture elements as

 function of R G prevents us from drawing a stronger conclusion than
n o v erall decrease from the inner to the outer disc, as already found
y e.g. Lemasle et al. ( 2013 ); da Silva et al. ( 2016 ). We note that
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Table 3. Abundances of Cepheids (C – Mn). (Only the first 10 lines of the table are shown. The full table is available in electronic form). 

C N O Na Mg Al Si S Ca Sc Ti V Cr Mn 

RW CMa –0 .46 0 .46 –0 .04 0 .31 0 .02 0 .19 0 .11 0 .09 0 .03 0 .09 0 .09 –0 .12 –0 .04 –0 .17 
V384 CMa –0 .51 0 .46 –0 .28 0 .12 – 0 .06 –0 .02 –0 .02 –0 .05 0 .07 –0 .01 –0 .22 –0 .10 –0 .29 
CC Car –0 .17 0 .47 –0 .11 0 .30 0 .02 0 .33 0 .22 0 .36 0 .14 – 0 .08 –0 .10 0 .00 –0 .07 
CR Car –0 .31 0 .46 0 .12 0 .26 –0 .14 0 .19 0 .19 0 .13 0 .15 0 .22 0 .18 0 .03 –0 .01 –0 .11 
CT Car –0 .32 0 .40 –0 .01 0 .25 0 .10 0 .15 0 .15 0 .13 –0 .07 – –0 .07 –0 .09 –0 .10 –0 .11 
FN Car –0 .33 0 .37 0 .09 0 .31 0 .07 0 .22 0 .20 0 .18 0 .15 0 .07 0 .13 –0 .08 –0 .03 –0 .08 
FQ Car –0 .18 0 .53 0 .15 0 .39 0 .07 0 .27 0 .26 0 .32 0 .08 – 0 .09 –0 .03 0 .03 –0 .03 
FZ Car –0 .21 0 .51 –0 .11 0 .29 0 .09 0 .21 0 .18 0 .23 0 .14 0 .17 0 .15 –0 .13 0 .00 –0 .09 
GI Car –0 .33 0 .34 –0 .14 0 .18 –0 .01 0 .13 0 .12 0 .30 0 .06 0 .28 0 .10 –0 .02 –0 .09 –0 .21 
V690 Car –0 .18 0 .46 0 .13 0 .38 0 .12 0 .32 0 .23 0 .26 0 .11 0 .23 0 .10 –0 .07 0 .01 –0 .09 
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

Table 4. Abundances of Cepheids (Fe – Gd). (Only the first 10 lines of the table are shown. The full table is available in electronic form). 

Star Fe Co Ni Y Zr La Ce Pr Nd Sm Eu Gd 

RW CMa 0 .05 0 .10 –0 .09 0 .07 –0 .09 0 .03 0 .05 –0 .15 –0 .03 –0 .13 0 .03 –
V384 CMa –0 .01 –0 .14 –0 .16 0 .08 –0 .07 0 .05 0 .07 –0 .19 0 .12 0 .00 0 .03 –
CC Car 0 .18 –0 .11 0 .00 0 .22 0 .17 0 .10 0 .02 –0 .18 0 .02 0 .00 0 .18 –
CR Car 0 .14 0 .08 0 .01 0 .17 0 .22 0 .13 0 .09 –0 .06 0 .07 –0 .02 0 .16 0 .15 
CT Car 0 .07 –0 .14 –0 .09 0 .20 –0 .08 0 .28 0 .00 0 .01 0 .09 –0 .02 0 .11 –0 .15 
FN Car 0 .13 –0 .08 –0 .01 0 .16 0 .17 0 .08 0 .05 –0 .13 0 .06 –0 .06 0 .11 –
FQ Car 0 .17 –0 .02 0 .04 0 .20 0 .03 0 .22 0 .10 –0 .05 0 .15 0 .13 0 .25 –
FZ Car 0 .13 0 .02 –0 .01 0 .28 –0 .05 0 .14 0 .01 –0 .16 0 .07 0 .05 0 .16 –
GI Car 0 .03 –0 .06 –0 .12 0 .25 0 .14 0 .14 0 .08 –0 .20 0 .06 0 .02 0 .16 –
V690 Car 0 .20 –0 .08 –0 .02 0 .28 –0 .04 0 .21 0 .11 –0 .05 0 .15 0 .05 0 .27 –
... ... ... ... ... ... ... ... ... ... ... ... ... 
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he only two europium lines in the optical spectra of Cepheids are
sually weak, and they are affected by hyperfine structure splitting 
hfs). Ho we ver hfs corrections were found to be negligible by da
ilva et al. ( 2016 ) and therefore cannot account for the observed
catter. The same authors also reported negligible corrections for the 
hree Y lines for which hfs data were available from McWilliam, 

allerstein & Mottini ( 2013 ). The [Y/H] radial gradient is shown in
ig. 6 . Similarly, the laboratory transition probabilities provided by 
en Hartog et al. ( 2003 ) indicate no evident HFS structure for Nd II

 Fig. 7 displays the [Nd/H] radial gradient. 

.3 The azimuthal abundance gradient 

ig. 8 illustrates the azimuthal variations in the abundance ratios at 
ifferent Galactocentric distances. The azimuth, φ, is defined as the 
ngle between the Galactocentric radius containing a given Cepheid 
nd the reference radius ( φ= 0) containing both the Sun and the
alactic centre. φ increases with the Galactocentric longitude. The 

zimuthal variations have been smoothed using a Locally weighted 
catterplot smoothing algorithmn (LOWESS; Cleveland 1979 ) using 
 first-degree polynomial and a bandwidth of 0.30. This means that 
0 per cent of the sample is used for each local fit, with the weight of
ny considered data point strongly decreasing with its distance to the 
oint on the curve being fitted. The total number of Cepheids in each
nnulus, ranging from a few tens to a few hundreds, is indicated in the
gure. Gi ven the dif ficulties to measure oxygen (see Section 3.2), the
umbers are slightly larger for [Fe/H] than for [O/H]. The azimuthal 
ariations of [Fe/H] remain within 0.2 dex at all radii. They are larger
or the inner (5–7 kpc) and outer (13–15 kpc) annuli, and minimal
 ≈0.1 dex) for the 9–11 and 11–13 kpc annuli. A similar pattern
an be observed for the azimuthal variations of [O/H], with large
uctuations ( ≈0.2 dex) in the inner and outer Galactic disc, and
inimal variations ( ≈0.05 dex) within 7–9 and 9–11 kpc. 
Since our azimuthal variations are measured o v er a single annulus

ncompassing a fixed range of Galactocentric distances, a given 
nnulus might o v erlap more than one spiral arm. We speculate that the
zimuthal inhomogeneities could occur in regions where an annulus 
ransitions from one spiral arm to another, for instance from the
orma to the Scutum–Centaurus arm in the inner disc, or from the
ocal to the Sagittarius–Carina arm, when comparing to the model 
y Hou ( 2021 ). Under this hypothesis, the limited variations in the
–11 kpc ring could be explained by the fact that the corresponding
nnulus follows the Perseus arm. If this hypothesis turns out to be
orrect, it could imply that the chemical composition of Cepheids 
emains similar within a given spiral arm, but varies when compared
o Cepheids from another arm. Unfortunately, it is for now impossible 
o attribute with certainty a given Cepheid to a specific spiral
rm. 

Davies et al. ( 2009 ) and Origlia et al. ( 2013 ) already reported large-
cale azimuthal variations in the inner galaxy using red supergiants 
RSG) in the Scutum clusters, located at the end of the bar. Genovali
t al. ( 2013 ) noted that although the age difference between both
racers is minimal (a few Myr to a few tens of Myrs), Cepheids attain
upersolar iron abundances in the inner disc (0.4–0.5 dex), while 
he Scutum RSGs have subsolar metallicities ( −0.20 to −0.3 dex),
ence a difference larger than 0.5 dex. These variations are usually
ttributed to the Galactic bar, they were later supported by Inno et al.
 2019 ). 

A number of recent studies using IFS updated the study of
zimuthal variations in the properties of nearby galaxies, which 
MNRAS 510, 1894–1901 (2022) 
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Table 5. Uncertainties in the final abundances due to uncertainties in the atmospheric parameters. Columns 2, 3, and 4 indicate respectively how 

the abundances are modified (mean values) when they are computed with over- or underestimated values of T eff ( ±100 K), log g( ±0.2 dex), or 
Vt( ±0.3 dex). The sum in quadrature of the differences is adopted as the uncertainty in the abundances due to the uncertainties in the atmosphere 
parameters. 

Error budget for BB Sgr, P = 6.63308 d Error budget for V5567 Sgr, P = 9.76316 
Ion � T eff � log g � Vt Total � T eff � log g � Vt Total 

( ± 100 K) ( ± 0.2 dex) ( ± 0.3 km s −1 ) dex ( ± 100 K) ( ± 0.2 dex) ( ± 0.3 km s −1 ) dex 

C I –0 .07 0 .04 –0 .01 0 .08 –0 .05 0 .09 –0 .02 0 .10 
N I –0 .11 0 .03 –0 .02 0 .12 –0 .09 0 .12 –0 .02 0 .15 
O I 0 .03 0 .08 –0 .01 0 .09 0 .00 0 .08 –0 .01 0 .08 
Na I 0 .06 –0 .01 –0 .03 0 .07 0 .05 –0 .01 –0 .03 0 .06 
Mg I –0 .07 0 .01 0 .08 0 .11 0 .04 0 .00 –0 .04 0 .06 
Al I 0 .05 –0 .01 –0 .03 0 .06 0 .04 0 .00 –0 .02 0 .04 
Si I 0 .05 0 .00 –0 .02 0 .05 0 .06 0 .02 –0 .03 0 .07 
S I –0 .06 0 .04 –0 .02 0 .07 –0 .03 0 .08 –0 .02 0 .09 
Ca I 0 .07 –0 .01 –0 .03 0 .08 0 .06 –0 .01 –0 .06 0 .09 
Sc II 0 .01 0 .08 –0 .04 0 .09 0 .03 0 .09 –0 .05 0 .11 
Ti I 0 .11 0 .00 –0 .02 0 .11 0 .09 –0 .02 –0 .01 0 .09 
Ti II 0 .00 0 .08 –0 .04 0 .09 0 .01 0 .08 –0 .04 0 .09 
V I 0 .12 0 .01 –0 .01 0 .12 0 .10 –0 .02 –0 .01 0 .10 
V II 0 .00 0 .08 –0 .01 0 .08 0 .02 0 .08 –0 .01 0 .08 
Cr I 0 .07 0 .00 –0 .02 0 .07 0 .06 –0 .01 –0 .02 0 .06 
Cr II –0 .03 0 .07 –0 .05 0 .09 0 .00 0 .10 –0 .06 0 .12 
Mn I 0 .07 0 .00 –0 .03 0 .08 0 .07 –0 .01 –0 .03 0 .08 
Fe I 0 .08 0 .00 –0 .02 0 .08 0 .07 –0 .01 –0 .03 0 .08 
Fe II –0 .03 0 .07 –0 .02 0 .08 0 .00 0 .10 –0 .03 0 .10 
Co I 0 .11 0 .01 –0 .01 0 .11 0 .08 –0 .02 –0 .01 0 .08 
Ni I 0 .09 0 .01 –0 .02 0 .09 0 .08 –0 .01 –0 .03 0 .09 
Y II 0 .00 0 .07 –0 .04 0 .08 0 .03 0 .08 –0 .04 0 .09 
Zr II 0 .00 0 .07 –0 .04 0 .08 0 .03 0 .10 –0 .04 0 .11 
La II 0 .03 0 .08 –0 .03 0 .09 0 .05 0 .08 –0 .02 0 .10 
Ce II 0 .02 0 .07 –0 .01 0 .07 0 .03 0 .07 –0 .03 0 .08 
Pr II 0 .03 0 .08 –0 .01 0 .09 0 .05 0 .07 –0 .01 0 .09 
Nd II 0 .02 0 .07 –0 .02 0 .08 0 .05 0 .08 –0 .03 0 .10 
Sm II 0 .03 0 .08 –0 .01 0 .09 0 .05 0 .08 –0 .01 0 .09 
Eu II 0 .01 0 .07 –0 .02 0 .07 0 .03 0 .08 –0 .02 0 .09 
Gd II 0 .02 0 .08 0 .00 0 .08 0 .03 0 .07 –0 .01 0 .08 

Figure 1. Locations of target Cepheids in the Galactic plane as viewed from 

the North Galactic Pole. The position of the Sun is at the intersection of the 
dashed lines. The Galactic centre is at (X,Y) = (0, 0). Open and filled circles 
are used to mark the Cepheids adopted from Luck ( 2018 ) and our new SALT 

observ ations, respecti vely. 

Figure 2. The radial distribution of the iron abundance. The filled circles 
indicate the Cepheids reported in this paper. The Cepheid variables from 

Luck ( 2018 ) are marked with open circles, their Galactocentric distances 
were recomputed for R G , �= 8.15 kpc. The solid red line represents a running 
average while the green line results from a LOWESS smoothing (the degree 
of polynomial = 2; bandwidth = 0.07). 
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Figure 3. The same as in Fig. 2 but for [O/H]. 

Figure 4. The same as in Fig. 2 but for α-elements (that is, the average 
abundances of Si + Mg + Ca) in Cepheids, normalized to the solar value. 

Figure 5. The same as in Fig. 2 but for [Ni/H]. 

w  

d
g  

M  

N
t  

Figure 6. The same as in Fig. 2 but for [Y/H]. 

Figure 7. The same as in Fig. 2 but for [Nd/H]. 
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as pre viously achie ved via long-slit spectroscopy: Li et al. ( 2013 )
etected azimuthal variations in the oxygen abundance in the spiral 
alaxy M 101 (NGC 5457). Both S ́anchez et al. ( 2015 ) and S ́anchez-
enguiano et al. ( 2016 ) reported azimuthal variations in [O/H] in
GC 6754. They found larger inhomogeneities in the outer regions of 

his galaxy. Ho et al. ( 2017 ) found azimuthal variations (with respect

o

o the oxygen radial gradient) of the order of ≈0.2 dex associated
ith the two spiral arms of NGC 1365 and Ho et al. ( 2018 ) reported

imilar variations of 0.06 dex in NGC 2997. 
It is expected that the spiral arm structure plays an important role

n homogenizing the interstellar medium (ISM; e.g. Kreckel et al. 
019 ). Ho et al. ( 2017 ) suggested that chemical enrichment takes
lace in tiny gas pockets in the interarm region, and that the ISM gets
omogenized when crossing the spiral arm. In their analysis of the
alaxy HCG 91c, Vogt et al. ( 2017 ) found both localized variations
ssociated with individual H II regions, and extended structures at the
oundaries of the spiral arms. They concluded that the enrichment 
f the ISM preferentially takes place along the spiral structure rather
han in the interarm regions. 

It should be noted that galaxies with large azimuthal variations 
epresent a very small sample with respect to the o v erall pop-
lation (e.g. S ́anchez-Menguiano et al. 2018 ), and the inhomo-
eneities detected are usually of small amplitude. For instance, 
inchenko et al. ( 2016 ) reported typical asymmetries < 0.05 dex

n 88 galaxies of the Calar Alto Le gac y Inte gral Field Area
urv e y Data Release 2. This raises the question of the origin
f the larger ones and might indicate that they are related to
ocalized events rather than to the secular evolution of the galaxy
onsidered. 

Spitoni et al. ( 2019 ) presented a 2D chemical evolution model
f the Milky Way that is capable of tracing azimuthal variations
f chemical abundances in the Galactic disc. Density fluctuations 
MNRAS 510, 1894–1901 (2022) 
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Figure 8. LOWESS smoothing of [Fe/H] and [O/H] for the azimuthal coordinate φ at different R G . The [El/H] ratios have been arbitrarily shifted for the sake of 
clarity. The total number of Cepheids in each annulus is indicated. Representative uncertainties on the individual Cepheids abundances are shown at the bottom 

left of each panel. 
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roduce significant azimuthal variations in [O/H], of the order of
.1 dex around the mean. Such variations are more obvious in the
uter disc. Our results support qualitatively the findings of Spitoni
t al. ( 2019 ). Similar conclusions were reached by Spitoni et al.
 2019 ) when comparing the outcome of their models to the Cepheids
ata of Genovali et al. ( 2014 ). Our results are also in agreement
ith the model predictions by Moll ́a et al. ( 2019 ). Ho we ver, the
ariations in [O/H] are slightly larger in our observational data
han in the Spitoni et al. ( 2019 ), and especially, the Moll ́a et al.
 2019 ) model, which we attribute to the (significant) uncertainties
n the [O/H] abundances of Cepheids. Using a simple analytical
piral arm model, Moll ́a et al. ( 2019 ) mention that the azimuthal
ariations in their models are smaller than the typical uncertainties
ssociated with oxygen abundance tracers, and that they reach
etectable values ≈0.1 dex, (peak to peak) only in the outer regions
f the disc. Spitoni et al. ( 2019 ) specify that the largest fluctuations
n azimuthal abundance gradients occur near the corotation radius
f the spiral pattern, where chemical enrichment becomes more
fficient because of the absence of relative motion between the
as and the spiral arm. Solar, Tissera & Hernandez-Jimenez ( 2020 )
nalysed oxygen gradients in 106 resolved spiral galaxies selected
rom the high-resolution Evolution and Assembly of GaLaxies and
heir Environments simulations (Schaye et al. 2015 ). In this sample,
hey found a large scatter for the [O/H] gradient measured at a
andom azimuthal direction when compared to its global average over
he disc, which they interpret as an evidence significant azimuthal 
ariations. 
NRAS 510, 1894–1901 (2022) 
 C O N C L U S I O N  

e report the chemical composition (25 elements) of 105 classical
epheids. Ab undances ha v e been deriv ed from 122 high-resolution
ALT spectra observed in the context of the MAGIC project. The
alactocentric distances of the Cepheids are taken from the literature,

hey are based on mid-infrared photometry. Our new sample contains
5 Cepheids with R G < 7 kpc (14 with R G < 6.5 kpc), and 14 Cepheids
ith R G > 11 kpc, thus significantly improving the sampling in the

nner and outer disc. Our results are in line with Cepheids literature
tudies concerning radial abundance gradients of iron, α, or neutron-
apture elements. We focus on the azimuthal variations of the oxygen
bundance [O/H]. Since such variations are found to be negligible
typically < 0.05 dex) in external spirals, the Milky Way seems
o be one of the few galaxies with noticeable [O/H] azimuthal
nhomogeneities. We find that they are the largest in the inner Galaxy,
here they are usually attributed to perturbations induced by the

otating bar, and in the outer disc. In these outer regions, our results
upport similar results obtained in a few nearby spiral galaxies, as
ell as the outcome of chemo-dynamical evolution models by e.g.
pitoni et al. ( 2019 ) and Moll ́a et al. ( 2019 ). 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

Table S1 . Spectra of the examined Cepheids. 
Table S2 . Atmospheric parameters of Cepheids. 
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Table S3 . Abundance of Cepheids (C – Mn). 
Table S4 . Abundance of Cepheids (Fe – Gd). 
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