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A B S T R A C T 

We study the contribution of various astrophysical events asymptotic giant branch (AGB stars, core collapse and thermonuclear 
supernovae, neutron star mergers, and collapsars) to the abundances of elements both up to and heavier than the iron peak in a 
Local Group dwarf irregular galaxy, Wolf–Lundmark–Melotte (WLM). Its star formation history has been recently determined 

by observations with the JWST , and we use it to estimate the occurrence of the astrophysical sources. The rates of the gas 
accretion and the outflow are roughly determined based on the stellar metallicity distribution, the oxygen abundance of H II 

regions, and the gas fraction. As discussed in the literature, the difference in time-scales on which the astrophysical events 
release the nucleosynthesis products is seen in the occurrence of the events and the evolution of abundance ratios. WLM has an 

extended star formation history and massive stars are recently and currently formed. Thus, the contribution of rotating massive 
stars through the weak s-process appears in the abundance ratios of light trans-iron elements to iron at later time of the evolution. 

Key w ords: galaxies: dw arf – galaxies: evolution – nuclear reactions, nucleosynthesis, abundances – stars: abundances – ISM: 
abundances. 
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 I N T RO D U C T I O N  

he chemical abundances measured for individual stars and gas in
ocal Group dwarf galaxies bring understanding on the astrophysical
ources of different elements in low-metallicity systems. Owing to
eep photometry with ground-based and space telescopes, the star
ormation history in the early phase of the evolution of nearby dwarf
alaxies is reco v ered (e.g. McQuinn et al. 2024 , and references
herein), which can be a hint on the chemical evolution of individual
warf galaxies. 
Astrophysical events release nucleosynthesis products on different

ime-scales. More massive stars tend to have shorter lifetimes,
hile low-mass stars, Type-Ia supernovae (SNe Ia), and neutron star
ergers (NSMs) can enrich the surroundings on long time-scales.
he difference in time-scales may be reflected in abundance ratios

e.g. Tinsley 1979 ; Gilmore & Wyse 1991 ). If star formation episodes
re separated by quiescent periods of low star formation rates, the
mpact of individual events and the variation of the star formation
ate might appear on the chemical abundance. 

Wolf–Lundmark–Melotte (WLM) is a Local Group barred dwarf
rregular galaxy (dIrr) located at about 932 and 836 kpc away from
he Milky Way and M31, respectively (e.g. McConnachie 2012 ,
eferences therein). The distance from the nearest galaxy is about
75 kpc (Cetus dwarf spheroidal galaxy, Whiting; Hau & Irwin
999 ). According to the distribution of H I gas, there is no clear
 E-mail: naofukagawa@gmail.com 
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vidence for recent merger or interaction with other systems (e.g.
ackson et al. 2004 ). Thus, WLM is one of the most isolated dIrrs
n the Local Group and provides insights into the effects of stellar
eedback and secular processes on the evolution of low-mass galaxies
e.g. Leaman et al. 2012 ). The chemical ab undances ha ve been
easured for individual stars as well as ionized gas associated with
 II regions (see Section 2 ). 
Numerical simulations, semi-analytical models, and simple mod-

ls are all essential to discuss the chemical evolution (e.g. Matteucci
021 ; Diehl & Prantzos 2023 , for re vie ws). While observed quantities
ay not be completely reproduced due to the small number of

ssumptions, simple models are useful to observe the variation of the
roperties of galaxies with physical quantities. With a simple model
here stochasticity is introduced into the occurrence of astrophysical

vents as rarity, we discuss the contribution of astrophysical events
o the chemical evolution in WLM. The observational data are
ummarized in Section 2 . In Section 3 , we estimate the number
f astrophysical events with the star formation history derived from
he colour–magnitude diagram. The chemical evolution model and
he assumptions are described in Section 4 . The global properties
nd the evolution of abundance ratios are discussed in Sections 5 and
 , respectively. 

 OBSERVA  T I O NA L  DA  TA  

he observational data are gathered from the literature. We focus on
 region on the bar for which the star formation history has been
erived. 
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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The gas fraction defined as f g = 

M g 

M g + M ∗ is estimated from the 
as mass M g (M �) and the stellar mass M ∗(M �). For the latter, the
tellar mass of WLM is estimated to be M ∗ ∼ 4 × 10 7 M � (e.g. Woo,
ourteau & Dekel 2008 ; McConnachie 2012 ). The H I gas mass of
LM is almost comparable to the stellar mass ( M H I ∼ 3 × 10 7 to
10 8 M �; e.g. Barnes & de Blok 2004 ; Jackson et al. 2004 ; Kepley

t al. 2007 ). The gas fraction ( f g ∼ 0 . 6) is derived by assuming that
 I gas dominates the mass of the interstellar gas and considered to
e the average in the region on the bar. We note that stars and H I gas
ay not uniformly distribute in WLM. In addition, the detection of

arbon monoxide (e.g. Elmegreen et al. 2013 ) and the analysis of the
otation curve (Jackson et al. 2004 ; Leaman et al. 2012 ) suggest the
resence of molecular gas. Thus, the derived gas fraction should be 
egarded as a typical value. 

The oxygen abundance of H II regions in WLM is about 7–13
er cent of the solar abundance (e.g. Skillman, Terlevich & Melnick 
989 ), depending on the measurement and the adopted solar value. 
e refer to the oxygen abundance and the N/O ratio of two H II

egions in the bar measured by Lee, Skillman & Venn ( 2005 ). 
The average oxygen abundance of supergiants in WLM is compa- 

able to that of H II regions (Bresolin et al. 2006 ), while there may be
patial inhomogeneity in the chemical abundance (Venn et al. 2003 ; 
ee et al. 2005 ). The abundance of 12 elements of a supergiant in the
ar (WLM-15) has been measured by Venn et al. ( 2003 ). This star
ay have a metallicity ([Z]) higher than the average of supergiants 

n WLM (Urbaneja et al. 2008 ). 
The metallicity distribution of a field on the bar has been derived

y Leaman et al. ( 2009 ). The distribution includes 44 red giant branch
tars, and the average metallicity of the stars is [Fe/H] 1 = −1 . 14 ±
 . 04. The metallicity distribution has a peak at [Fe/H] ∼ −1 . 3. 
The star formation history of WLM has been inferred based on 

he colour–magnitude diagram 

2 (e.g. Tosi, Greggio & Focardi 1989 ; 
olphin 2000 ; Albers et al. 2019 ). We refer to the star formation
istory in a region on the bar derived by McQuinn et al. ( 2024 ). 

 O C C U R R E N C E  O F  ASTROPHYSICAL  

O U R C E S  

ig. 1 (a) shows the time variation of the star formation rate based on
he cumulative star formation history derived by McQuinn et al. 
 2024 ). In the early phase of the evolution, there seems to be
tar formation episodes separated by quiescent periods of low star 
ormation rates. For the last several Gyrs, the star formation continues 
ith increases and decreases. 
Based on the star formation history, we estimate the number of

strophysical sources in a time-step. The definition of the number 
f events, the concept of rare events, and the assumptions about 
strophysical sources are the same as those in Fukagawa & Prantzos 
 2023 , hereafter FP23 ). Below is a brief summary. 
 Hereafter, metallicity represents the abundance of iron, if not otherwise 
pecified. For the abundance ratio, [A/B] = log ( N A /N B ) − log ( N A /N B ) �, 
here N A and N B denote the abundance of A and B. 
 While stars can migrate in a galaxy, the star formation history is generally 
erived based on the colour–magnitude diagram that includes stars currently 
bserved in a field. Ne vertheless, the observ ationally deri ved star formation 
ate in the past brings understanding on the evolution of individual dwarf 
alaxies that may not al w ays follow the star formation law for local spiral 
alaxies (e.g. de los Reyes & Kennicutt 2019 ). 
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We include massive stars ( M > 10 M �), low- and intermediate-
ass stars (LIMS, M < 10 M �), SNIa, and candidates for the rapid

r-) neutron capture process in the source of the chemical enrichment.
assive stars of 10–25 and 25 –120 M � are assumed to evolve into

ore-collapse supernovae (CCSNe) and black holes, respectively. 
ach star formed at time t of mass M is assumed to release the
aterial at t + τM 

, where τM 

denotes the lifetime of the star of mass
 derived based on stellar evolution models (Schaller et al. 1992 ).
MNRAS 534, 2006–2013 (2024) 

igure 1. Time variation of the star formation rate in the region on the bar of 
LM (panel a), the number of events when the rarity is not introduced (panel 

), and the number of dying stars, SNIa, and the r-process events when the 
arity is introduced (panels c–h). The star formation rate in panel (a) is based 
n the cumulative star formation history derived by McQuinn et al. ( 2024 ). 
urves in panel (b) correspond to the number of the astrophysical sources 

n a time-step: massive stars that evolve into CCSNe (10 –25 M �, curve 1 in 
lue), massive stars that evolve into black holes (25 –120 M �, broken curve 2 
n green), LIMS (curve 3 in orange), SNIa (curve 4 in red), collapsar (curve 5 
n light blue), and NSM (curve 6 in pink), respectively. In the panel, we show 

he number of stars formed in each time-step. 
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M

Table 1. The number of astrophysical sources in unit mass ( n event ) a and 
the total number of the astrophysical sources throughout the evolution in the 
region. 

n event Total number 

Total mass of stars ( M �) – 1 . 3 × 10 7 

Massive star (10 –25 M �) 5 . 3 × 10 −3 70 670 
Massive star (25 –120 M �) 1 . 9 × 10 −3 25 334 
LIMS 1.9 2533 4558 
SNIa 1 . 3 × 10 −3 11 746 
NSM 1 . 2 × 10 −5 143 
Collapsar 5 . 3 × 10 −5 706 

Note. The total mass of stars formed in the region is taken from McQuinn 
et al. ( 2024 ). F or massiv e stars and LIMS, the number of stars formed in the 
region is shown. a For SNIa and NSM, the number in unit mass shown in this 
table is derived by integrating the delay-time distributions. 
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or the r-process, we consider NSM and collapsar to be the dominant
ites. We note that astrophysical sites of the r-process are actively
iscussed as summarized in FP23 . 
The number of stars formed in a time-step is derived by N event ( t) =
 ( t) �t n event , where � ( t) and �t denote the star formation rate and

he time-step. We adopt �t = 10 −3 Gyr by considering mass ejection
rom massive stars and precision in the calculations. The number of
tars in unit mass ( n event ) is estimated by adopting the stellar initial
ass function (IMF) in the solar neighbourhood (Kroupa 2002 ). The

umber of SNIa and that of NSM are estimated by N event = R( t ) �t ,
here R( t) is the rate of SNIa or NSM derived from the delay-

ime distributions (DTDs). For SNIa, we adopt the DTD ∝ t −1 (e.g.
aoz & Graur 2017 , and references therein) and the formula by
reggio ( 2005 ) at early times. For NSM, we refer to the DTD by
eniamini & Piran ( 2019 ). The occurrence of collapsar is assumed

o be 1 per cent of that of CCSNe (e.g. MacFadyen & Woosley 1999 ).
hen the number of an astrophysical source in a time-step is less

han unity ( N event < 1), we consider the event to be rare and introduce
tochasticity into the occurrence of the astrophysical source. Table 1
ummarizes the total number of the astrophysical events. 

Fig. 1 (b) shows the number of each astrophysical source in a
ime-step before the rarity is introduced. The time variation of the
umber of stars formed in a time-step shows similar trends to that of
he star formation rate. Regarding SNIa and NSM, the progenitors
white dwarfs and neutron stars, respectively) require time to reach
he e xplosiv e ev ents. Thus, the time variation of the number of SNIa
nd NSM is more smooth than that of stars. According to the concept
f rarity, massive stars can be rare when the star formation rate is
ow. Due to the low occurrence, the r-process candidates are rare
hroughout the evolution of WLM. 

Figs 1 (c), (d), and (e) show the number of dying massive stars
CCSNe and black holes) and LIMS when the rarity is introduced.
ince more massive stars tend to have shorter lifetimes, the time
ariation of the number of dying massive stars follows that of the
tar formation rate. The dispersion in the number of dying massive
tars is due to the different lifetimes and the rarity. On the other
and, less massive stars are more numerous and tend to have longer
ifetimes. Except for the early time, o v er ten dying LIMS can appear
n a time-step even when the star formation rate gets low (Fig. 1 (e)).

SNIa is rare at the early time (Fig. 1 (f)). Similar to dying LIMS,
Ne Ia appear when the star formation rate is low. 
With regard to the r-process candidates, collapsars, and NSMs

an appear in star formation episodes. NSMs can also occur after or
etween star formation episodes. 
NRAS 534, 2006–2013 (2024) 
 C H E M I C A L  E VO L U T I O N  M O D E L  

he variation of the star formation rate and the properties of dIrrs
ave been discussed in the literature. For instance, with regard to
he stochastic star formation, Gerola, Seiden & Schulman ( 1980 ,
nd references therein) have investigated the properties, such as star
ormation rate, colours, luminosity , and metallicity , of galaxies of
ifferent sizes by introducing stochasticity into the propagation of
tar formation. The stochastic self propagation of star formation has
een incorporated into chemical evolution models (e.g. Matteucci &
hiosi 1983 ). 
Concerning the star formation history, based on calculations of

he colour of galaxies, Searle, Sargent & Bagnuolo ( 1973 ) have
uggested that the star formation of blue compact dwarf galaxies
s discontinuous. Generally, star formation in dIrrs tends to be more
oderate and separated by shorter intervals (e.g. Marconi et al. 1995 ).
he impact of bursts on abundance ratios has been investigated

e.g. Gilmore & Wyse 1991 ; Bradamante, Matteucci & D’Ercole
998 ). 
Also, along with the idea that H II regions are enriched in

ucleosynthesis products released by massive stars on short time-
cales (e.g. Kunth & Sargent 1986 ), Pilyugin ( 1992 ) has investigated
he evolution of the N/O ratio with the model where stars enrich giant
 II regions during star formation episodes and the gas is mixed

hroughout the galaxy in the subsequent quiescent periods. Since
assive stars produce oxygen in H II regions and LIMS produce

itrogen on longer time-scales, the N/O ratio evolves in a zig-zag
anner. 
In the present study, we introduce stochasticity into the occurrence

f each astrophysical source in a quantitative way. We also include
he contribution of rotating massive stars to the chemical evolution
hrough the slow (s-) neutron capture process (the weak s-process). 

We assume that there is no gas or star at the beginning in the region
nd that the chemical evolution proceeds through the gas accretion,
he star formation, and the outflow. 

In general, the mo v ement of gas in bars is complex (e.g.
thanassoula 1992 ). Galaxies can acquire the material to form stars

hrough the gas accretion. Also, the gas accretion may induce the
tar formation through the compression of the interstellar medium.
ccording to numerical simulations (e.g. Muratov et al. 2015 ), the

tar formation rate tends to increase when or after the rate of the gas
ccretion increases. 

In the meanwhile, the variation of the rate of the gas accretion
n star formation episodes and that in quiescent periods are not
lear. One of the interpretations of starbursts associated with low-
etallicity gas in dwarf galaxies is the accretion of metal-poor gas

e.g. S ́anchez Almeida et al. 2015 ). At the same time, stellar feedback
an decrease the rate of the gas accretion due to the interaction
etween the accreting gas and the interstellar gas expelled from star-
orming regions (e.g. van de Voort 2017 , for a re vie w). In the present
tudy, we simply assume that the metal-free gas accretes on to the
egion at the rate F ( t) ∝ exp ( −α t), where α( Gyr −1 ) is a constant
eferred to as the time-scale of the gas accretion. 

Astrophysical events appear along the number of the sources
stimated in Section 3 . For each star, the mass is randomly given
long the IMF (Kroupa 2002 ), and the metallicity is given based on
hat of the interstellar gas. The initial rotational velocity of individual

assive stars is randomly determined along the initial distribution of
otational velocity proposed in Prantzos et al. ( 2018 ). 

In the model, the star formation rate at a given time is determined
y the total mass of stars formed in a time-step. Thus, the modelled
tar formation rate is expected to depend on the number of stars
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Table 2. Summary of the efficiency of the outflow ( k) and the time-scale of 
the gas accretion ( α Gyr −1 ). 

k , α( Gyr −1 ) k = 1 . 1 × 10 3 , α = 0 . 05 –0 . 06 
k = 1 . 2 × 10 3 , α = 0 . 05 –0 . 07 
k = 1 . 3 × 10 3 , α = 0 . 05 –0 . 06 

typical k, α( Gyr −1 ) k = 1 . 2 × 10 3 , α = 0 . 06 
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Figure 2. Time variation of physical quantities predicted by the model when 
the typical values of the efficiency of the outflow and the time-scale of the 
gas accretion are adopted ( k = 1 . 2 × 10 3 and α = 0 . 06 Gyr −1 ). (a) The star 
formation rate in the model. (b) The rate of the gas accretion (blue curve) 
and that of the outflow (red dots). (c) The mass fraction of gas (black solid 
curve) and that of stars (black dotted curve) in the region. The red dotted 
curve shows the gas fraction ( f g ). (d) The abundance of oxygen (blue curve) 
and that of iron (red curv e), respectiv ely. Quantities shown in panels (b) and 
(c) are scaled to the total mass accreted on to the region. 
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ormed in a time-step and the observationally derived star formation 
istory. 
We assume that part of the interstellar gas is expelled from the

egion due to CCSNe. The outflow rate is assumed to be proportional
o the number of CCSNe in a time-step and given by O( t ) ∝ 

k N CCSN 
� 

t ,
here k is a constant referred to as the efficiency of the outflow.
e note that gas heating might play an important role on the

tar formation, the gas accretion, and the outflow as discussed in 
cQuinn et al. ( 2024 ). Also, if a dwarf galaxy has an active galactic

ucleus, the evolution of the host galaxy might be influenced. 
The metallicity distribution reflects the star formation, the gas 

ccretion and the outflow (e.g. Lynden-Bell 1975 ; Hartwick 1976 ). 
lso, the average metallicity at a given gas fraction can decrease due

o outflow induced by supernovae (e.g. Larson 1974 ; Matteucci & 

hiosi 1983 ). By comparing the metallicity distributions, the oxygen 
bundance of H II regions and the gas fraction to those predicted by
he model, the efficiency of the outflow and the time-scale of the gas
ccretion are roughly determined (Table 2 ). 

We refer to the chemical evolution model described in FP23 
nd take into account the presence of gas in WLM at the present
niverse. 3 With regard to the source of the chemical enrichment, 
e include massive stars of different initial rotational velocities, and 

tellar yields provided by Limongi & Chieffi ( 2018 ) are adopted. 
n the nucleosynthesis calculations, stars of M < 25 M � evolve into
CSNe and release the nucleosynthesis products through the stellar 
ind and the superno va e xplosion. More massiv e stars ( M > 25 M �)

volve into black holes and contribute to the chemical enrichment 
hrough the stellar wind. The mixing and fallback process (Umeda & 

omoto 2002 ) is also taken into account. We assume the initial dis-
ribution of rotational velocities by Prantzos et al. ( 2018 ). For LIMS,
tellar yields by Cristallo et al. ( 2015 ) are adopted. Regarding SNIa,
he mechanism of the explosion and the yields at low metallicities are
nder discussion. In the present study, we adopt the yield by Iwamoto
t al. ( 1999 ). Since yields for the r-process candidates can depend
n the properties of the progenitors, we assume that the abundance 
attern of yields for NSM ( Y i, NSM 

) and collapsar ( Y i, col ) is consistent
ith the solar r-process component: Y i, NSM 

∝ (1 − A r ) · ( X i, � f i, r )
nd Y i, col ∝ A r · ( X i, � f i, r ), where X i, � and f i, r are the solar abun-
ance of element i (Lodders, Palme & Gail 2009 ) and the solar
-component (Prantzos et al. 2020 ), respectively. A r is the relative 
ontribution of the r-process sites and tentatively set to be A r = 0 . 5.
he assumptions about the r-process candidates and the yields are 
escribed in FP23 . 

 G L O B  A L  PR  OPERTIES  

e investigate the time variation of global properties predicted by 
he model when the typical values of the efficiency of the outflow
nd the time-scale of the gas accretion (Table 2 ) are adopted. 
 While the distribution of stars and gas may not be uniform, we roughly 
stimate the present-day gas mass of the region based on the gas fraction. 

t  

t  

f
c

Fig. 2 (a) shows the time variation of the star formation rate in the
egion. The modelled star formation rate is derived from the total
ass of stars formed in a time-step, and the time variation follows

hat of the observ ationally deri ved star formation rate. Since each
tar has its own mass, the modelled star formation rate oscillates. 

The rate of the gas accretion and that of the outflow are shown
n Fig. 2 (b). In the model, the gas continuously accretes on to the
egion. Since the outflow is induced by CCSNe, the time variation
f the outflow rate reflects that of the star formation rate. 
Fig. 2 (c) shows the gas mass and the stellar mass scaled to the

otal mass of gas that accretes on to the region. The mass of gas in
he region increases at the early time due to the gas accretion, while
he gas is consumed by the star formation and the outflow. Each star
ormation episode increases the stellar mass. The gas acquisition and 
onsumption are reflected in the variation of the gas fraction ( f g ). 
MNRAS 534, 2006–2013 (2024) 



2010 N. Fukagawa and N. Prantzos 

M

−3.0

−2.5

−2.0

−1.5

−1.0

−0.5

0.20.40.60.81.0

[O
/H
]

fg

Figure 3. The evolution of the oxygen abundance and the gas fraction. The 
black squares show the oxygen abundance of two H II regions measured by 
Lee et al. ( 2005 ) and the average gas fraction of WLM. The orange curve 
shows the evolution of the oxygen abundance and the gas fraction predicted 
by the model. 
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Figure 4. The comparison between the observed and the modelled metal- 
licity distributions. (upper panel) The observed metallicity distribution that 
includes 44 red giant branch stars in a region on the bar of WLM (black 
histogram) is compared to a metallicity distribution predicted by the model 
(red histogram). The grey histogram shows the metallicity distribution that 
also includes red giant branch stars in the north region of the bar. The observa- 
tional data are taken from Leaman et al. ( 2009 ). (lower panel) The metallicity 
distribution reco v ered based on the star formation history (McQuinn et al. 
2024 , black histogram) is compared to a modelled distribution. 

Table 3. Summary of chemical evolution models. 

model sources of elements 

A RMS + LIMS + SNIa + R (NSM + collapsar) 
B no RMS + LIMS + SNIa + R (NSM + collapsar) 
C RMS + LIMS + SNIa + R (NSM) 
D RMS + LIMS + SNIa + R (collapsar) 
E RMS + LIMS + SNIa + no R 

F no RMS + LIMS + SNIa + no R 

 

a  

o  

t  

g  

m  

b  

a  

a  

c
 

o  

n  

d

6

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2006/7774397 by guest on 20 N
ovem

ber 2024
Fig. 2 (d) shows the time variation of the abundance of oxygen and
hat of iron. 4 Oxygen is produced mainly by massive stars. A large
umber of massive stars increase the oxygen abundance to [O/H] ∼
1 in the first star formation episode. When the star formation rate

s low, the number of massive stars formed in a time-step decreases.
lso, the interstellar medium is diluted with the accreting gas. Thus,

he oxygen abundance temporarily decreases in quiescent periods.
t the later time, the oxygen abundance generally increases with

ime. 
In the model, iron is produced by massive stars and SNe Ia. Since

hite dwarfs reach SNe Ia certain time after the formation, the iron
bundance can increase even in quiescent periods. Thus, the decrease
n the iron abundance in quiescent periods is modest compared to
hat in the oxygen abundance. At the present universe, the iron
bundance in the interstellar medium can be as high as the oxygen
bundance. 

The time variation of the oxygen abundance and that of the gas
raction are reflected in the evolution of the model predictions on
he [O/H] – f g plane (Fig. 3 ). Until around the end of the first star
ormation episode, the oxygen abundance reaches [O/H] ∼ −1, and
he gas fraction decreases to f g ∼ 0 . 7. In the subsequent quiescent
eriod, the gas accretion increases the gas fraction to f g ∼ 1 and
ecreases the oxygen abundance due to the gas dilution. Once the
tar formation rate starts to increase, oxygen is produced by massive
tars, and the gas fraction decreases due to the star formation and the
utflow. 
The present-day oxygen abundance and gas fraction predicted by

he model may be roughly consistent with the oxygen abundance
f H II regions and the average gas fraction of WLM. We note that
ucleosynthesis products by massive stars might be confined to star-
orming re gions (e.g. K unth & Sargent 1986 ), while we assume that
he interstellar gas is instantaneously mixed. Also, the degree of the
ust depletion and destruction at low metallicities is under debate
e.g. Jackson et al. 2006 ; Konstantopoulou et al. 2022 ; Choban et al.
024 ). 
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 While the star formation history has been derived under assumption that 
he metallicity ([Z]) increases with time, we allow chemical abundances to 
ncrease and decrease with time. In Fig. 2 (d), the chemical abundance and 
he time do not al w ays show a one-to-one correspondence. 
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In Fig. 4 , the metallicity distribution of red giant branch stars in
 field on the bar (Leaman et al. 2009 ) and that reco v ered based
n the star formation history (McQuinn et al. 2024 ) are compared
o the model predictions. While the metallicity distribution of red
iant branch stars may be composed of a relatively small number of
etal-poor stars (Leaman et al. 2009 ), the average of the red giant

ranch stars ([Fe/H] = −1 . 14) seems to be almost consistent with the
verage of the predicted metallicity distribution. Also, the metallicity
t the peak of the distribution reco v ered by McQuinn et al. ( 2024 ) is
onsistent with that predicted by the model. 

Ho we ver, the model tends to predict a small amount of stars
f [Fe/H] � −0 . 8. Metallicity distributions that include a large
umber of stars and theoretical models are needed for further
iscussions. 

 A BU N DA N C E  R AT I O S  

o discuss the contribution of astrophysical sources to the chemical
volution, we prepare models that include different astrophysical
ources as summarized in Table 3 . Physical quantities other than the
strophysical source are not varied among the models. 

As well as ejecta from individual events, the temporal variation
n the star formation rate and the dilution of the interstellar gas with
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Figure 5. The evolution of [N/O] and [Fe/O] as a function of oxygen 
abundance. Blue dots in the upper panel show the [N/O] ratio of two H II 

regions in the bar of WLM. The observational data are taken from Lee et al. 
( 2005 ). Orange curves show the abundance ratios predicted by model A. For 
nitrogen, the [N/O] ratio predicted by model B (green curve) is also shown 
to observe the contribution of rotating massive stars. 
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Figure 6. The evolution of [Eu/Fe], [Sr/Fe], [Zr/Fe], [Ba/Fe], and [Pb/Fe] 
ratios as a function of iron abundance. The asterisks show the abundance 
ratios of a supergiant (WLM-15). The observational data are taken from Venn 
et al. ( 2003 ). Orange, green, light orange, and gre y curv es show the abundance 
ratios predicted by models A, B, E, and F, respectively. 
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he accreting gas seem to influence the evolution of the abundance 
atios in Figs 5 –7 . For instance, a loop seen in the evolution of the
bundance ratios results from the variation of the star formation rate 
nd the rate of the gas accretion, such as the gas dilution during
 quiescent period and the chemical enrichment in the subsequent 
tar formation episode (e.g. Chiappini, Matteucci & Gratton 1997 ; 
ohnson & Weinberg 2020 ). 

In the meanwhile, as discussed in Section 4 , the variation of the rate
f the gas accretion in quiescent periods is not clear. If the gas dilution
n quiescent periods is not significant, the evolution of abundance 
atios, including the loops, can be dif ferent from that sho wn in Figs 5 –
 . Thus, the evolution of the abundance ratios discussed below should
e regarded as an example. 

.1 The contribution of astrophysical sources to the chemical 
volution 

ig. 5 shows the [N/O] ratio predicted by the model and the ratio
f H II regions. The evolution of the [Fe/O] ratio is also shown to
iscuss the contribution of astrophysical sources that release the 
ucleosynthesis products on different time-scales. 
Rotating massive stars are supposed to produce a large amount of

itrogen compared to non-rotating massive stars at low metallicities 
e.g. Meynet & Maeder 2002 ) and one of the interpretations of the
rimary-like behaviour of nitrogen of H II regions and stars at low
xygen or iron abundances (e.g. Chiappini et al. 2006 ; Prantzos et al.
018 ; Roy et al. 2021 ). 
The present-day [N/O] ratio predicted by model A seems almost 

onsistent with those of H II regions. 5 Due to the contribution of
otating massive stars, the [N/O] ratio predicted by model A is
enerally higher than that by model B. Since LIMS contribute to 
he chemical evolution, the present-day [N/O] ratio predicted by 
odel B is almost comparable to that by model A. 
 The nitrogen abundance of supergiants tends to be higher than that of H II 

egions, and this is supposed to be partly due to mixing in the stars (Bresolin 
t al. 2006 , and references therein). In Fig. 5 , the present-day [N/O] ratio 
redicted by the model is compared to the ratio of H II regions. 
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Concerning astrophysical sources, massive asymptotic giant 
ranch (AGB) stars are supposed to produce nitrogen at the stage
f the hot bottom burning (e.g. Iben & Renzini 1983 , for a re vie w).
he relative contribution of astrophysical sources to the nitrogen 
bundance is an issue to be further discussed. 

Compared to the evolution of the [N/O] ratio in the first star
ormation episode and the subsequent quiescent period, the impact 
f star formation episodes at later times on the abundance ratio seems
ess prominent. It might be partly because the ejecta from individual
tars are assumed to be instantaneously mixed with the gas in the
egion. 

In the model, iron is produced mainly by massive stars and SNe Ia.
ue to the contribution of SNe Ia to the iron abundance, the [Fe/O]

atio continues to increase after the first star formation episode. 
nce the star formation starts again, the [Fe/O] ratio decreases 

o [Fe/O] ∼ 0 with increasing oxygen abundance. If the oxygen 
bundance decreases due to the gas dilution, stars of high and low
Fe/O] ratios might be formed at [O/H] ∼ −2 to −1. 
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M

Figure 7. The evolution of [Eu/O] as a function of oxygen abundance. 
Orange, light blue, and yellow curves show the abundance ratios predicted 
by models A, C, and D, respectively. 
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Among trans-iron elements, we focus on Sr , Zr , Ba, Eu, and Pb . Eu
s mostly produced by the r-process ( � 95 per cent in mass fraction,
.g. Prantzos et al. 2020 ). The other four elements are representative
lements at the first (Sr and Zr), the second (Ba) and the third (Pb)
eak of the slow (s-) neutron capture process. These elements are
lso produced through the r-process. 6 

To discuss the contribution of the s-process and that of the r-
rocess, we compare the ev olution of ab undance ratios of the trans-
ron elements to iron predicted by models A, B, E, and F (Fig. 6 ).
ue to the star formation at the earliest time, the iron abundance

apidly increases to [Fe/H] ∼ −1 . 5 before the first r-process event
ppears. In addition, the amount of iron released by each massive
tar is larger than that of trans-iron elements. Although massive stars
elease the trans-iron elements through winds and supernovae, the
mpact of the intense star formation may be more important than that
f individual events, and the average abundance ratios tend to be low
n the earliest phase of the evolution. 

The relative contribution to the chemical abundances between the
ources of the s-process (LIMS and rotating massive stars) and the
-process candidates is different among the elements. For instance,
ow mass stars tend to have longer lifetimes and produce heavy s-
rocess elements, such as Ba and Pb, through the main s-process.
hus, the trends in the evolution of the abundance ratios are not
l w ays identical. 

Currently, there is little observational information that allows us
o infer the relative contribution at the early time of the evolution of
ocal Group dIrrs. Next-generation high-resolution spectrographs
n extremely large telescopes may enable to measure the abundance
f trans-iron elements of bright old stars, which can provide insights
nto the source of trans-iron elements and the evolution of dIrrs. 

If there are r-process events in the early phase as predicted by the
odel, the abundance ratios predicted by model E are lower than

hose by model A, and thus the contribution of the r-process can be
arge at low iron abundances ([Fe/H] � −2). Also, the abundance
atios predicted by model F suggest that LIMS contribute to the
bundance of heavy elements through the s-process. 

According to the abundance ratios predicted by models A and B,
he contribution of rotating massive stars to the chemical evolution
hrough the weak s-process is clear at [Fe/H] � −1 . 7 and greater
or lighter trans-iron elements. We note that the evolution of
xtremely low-metallicity stars and the nucleosynthesis, including
he production of trans-iron elements in the environment of high
NRAS 534, 2006–2013 (2024) 

 Trans-iron elements are also supposed to be produced through the interme- 
iate neutron capture process (Cowan & Rose 1977 ). 
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eutron-to-seed ratios, are under debate (e.g. Roberti, Limongi &
hieffi 2024 ). 
The present-day [Zr/Fe] and [Ba/Fe] ratios predicted by model A

eem almost consistent with the abundance ratios of the supergiant.
he [Sr/Fe] ratio of the supergiant is as low as the ratio predicted
y model F. As discussed by Venn et al. ( 2003 , and references
herein), the low Sr abundance might be related to the non-local
hermodynamic equilibrium effects. The measurement of chemical
bundances of individual young and old stars and the information
bout nucleosynthesis products from stars and r-process candidates
ill help to discuss the sources of heavy elements in dwarf galaxies
f different star formation histories. 

.2 The impact of rare events on the abundance ratios 

n Fig. 6 , Eu produced by indi vidual r-process e vents can increase
Eu/Fe], and iron released by stars and SNe Ia in intervals between
-process events can decrease the ratio, resulting in the oscillation.
he amplitude seems large at low chemical abundances. The impact
f rare r-process events is also seen in abundance ratios of Sr , Zr , Ba,
nd Pb to iron. 

When the star formation rate is low, the number of collapsars
ends to decrease. Since both Eu and O abundances are diluted, the
Eu/O] ratio (Fig. 7 ) predicted by model D is almost constant in the
uiescent period after the first star formation episode. On the contrary,
he [Eu/O] ratio predicted by model C shows that individual NSMs
ncrease the ratio in the quiescent period, because binary neutron stars
each the explosion with delay. Once the star formation rate starts
o increase, the oxygen abundance increases and the [Eu/O] ratio
redicted by model C decreases, while NSMs appear and release Eu.
Although the evolution of abundance ratios depends on the

strophysical sources and the yields, when rare events release the
ucleosynthesis products on different time-scales, the impact might
ppear on abundance ratios. 

 SUMMARY  

e investigate the chemical evolution in a Local Group dIrr, WLM,
ith a numerical model where stochasticity is introduced into the
ccurrence of astrophysical events as rarity. The rate of the outflow
nd that of the gas accretion are roughly determined by comparing
hysical quantities of stars and gas to those predicted by the model.
e discuss the contribution of astrophysical sources to the chemical

volution. 
We estimate the number of astrophysical events in the region on

he bar based on the star formation history reco v ered from the colour–
agnitude diagram. Since more massive stars tend to have shorter

ifetimes, the time variation of the number of dying massive stars
ollows that of the star formation rate. Dying LIMS and SNe Ia can
ppear in quiescent periods between star formation episodes, since
hey can release the nucleosynthesis products on long time-scales.
ue to the low occurrence, the r-process candidates are rare at any

ime. Collapsars tend to appear when stars are actively formed, and
SMs can also appear in quiescent periods. 
The difference in time-scales on which astrophysical sources

elease heavy elements is reflected in the time variation of the
bundance of oxygen and that of iron predicted by the model. 

With regard to abundance ratios, the production of nitrogen by
otating massive stars generally increases the [N/O] ratio. Also,
ower-mass stars increase the ratio on long time-scales. 

Since WLM has an extended star formation history, massive
tars are recently and currently formed. The contribution of rotating
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assive stars through the weak s-process is seen at later times in the
v olution of ab undance ratios of trans-iron elements to iron. Low-
ass stars increase the abundance ratios of heavy trans-iron elements 

o iron through the s-process. 
NSMs can release the nucleosynthesis products on long time- 

cales. Thus, individual NSMs may impact the abundance ratios in 
uiescent periods between star formation episodes. 
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