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A B S T R A C T 

We use the stellar fossil record to constrain the stellar metallicity evolution and star-formation histories of the post-starburst 
(PSB) regions within 45 local PSB galaxies from the MaNGA surv e y. The direct measurement of the regions’ stellar metallicity 

e volution is achie ved by a ne w two-step metallicity model that allo ws for stellar metallicity to change at the peak of the starburst. 
We also employ a Gaussian process noise model that accounts for correlated errors introduced by the observational data reduction 

or inaccuracies in the models. We find that a majority of PSB regions (69 per cent at > 1 σ significance) increased in stellar 
metallicity during the recent starburst, with an average increase of 0.8 dex and a standard deviation of 0.4 dex. A much smaller 
fraction of PSBs are found to have remained constant (22 per cent) or declined in metallicity (9 per cent, average decrease 0.4 

dex, standard deviation 0.3 dex). The pre-burst metallicities of the PSB galaxies are in good agreement with the mass–metallicity 

(MZ) relation of local star-forming galaxies. These results are consistent with hydrodynamic simulations, which suggest that 
mergers between gas-rich galaxies are the primary formation mechanism of local PSBs, and rapid metal recycling during the 
starburst outweighs the impact of dilution by any gas inflows. The final mass-weighted metallicities of the PSB galaxies are 
consistent with the MZ relation of local passive galaxies. Our results suggest that rapid quenching following a merger-driven 

starburst is entirely consistent with the observed gap between the stellar mass–metallicity relations of local star-forming and 

passive galaxies. 
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 I N T RO D U C T I O N  

ince the advent of the first large-scale galaxy surv e ys such as the 2dF
alaxy Redshift Surv e y (Colless et al. 2001 ) and the Sloan Digital
k y Surv e y (York et al. 2000 ), galaxies hav e been observ ed to fall into
 bimodal distribution in photometric colours in the local Universe 
Strate v a et al. 2001 ; Baldry et al. 2004 ; Bell et al. 2004 ; Gavazzi
t al. 2010 ). The two sub-populations are found to exhibit different
istributions across many other properties, including total stellar 
ass (Vulcani et al. 2013 ), star-formation history (SFH; Kauffmann 

t al. 2003 ), kinematics (Graham et al. 2018 ), stellar metallicity
Gallazzi et al. 2005 ; Peng, Maiolino & Cochrane 2015 ), radial
oncentration (Hogg et al. 2002 ), and environment (Balogh et al. 
004 ; Gavazzi et al. 2010 ). The red sequence consists of quenched,
ostly dispersion-dominated galaxies, whilst the blue cloud consists 

f star-forming, mostly rotationally supported galaxies. The former 
lso have higher stellar metallicity at a given stellar mass than 
he latter, which can be used to understand the origin of galaxy
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imodality by probing the mechanisms of galaxy formation and 
uenching (Peng, Maiolino & Cochrane 2015 ; Trussler et al. 2020 ). 
Metallicity is the measurement of the mass of all elements heavier

han hydrogen and helium, relative to the total mass of baryons.
he vast majority of metals are produced through stellar processes, 

ncluding a combination of stellar nucleosynthesis, type Ia and 
ore collapse supernovae (for a review, see Nomoto, Kobayashi & 

ominaga 2013 and more recently Maiolino & Mannucci 2019 ). 
hese metals are then released into a galaxy’s inter-stellar medium 

ISM) through mass loss during the red giant phase in lower mass
tars ( ≈2–8 M �) and supernovae in higher mass stars ( � 8 M �). In a
losed box system (e.g. Tinsley 1980 ) the recycling of this gas into
ew stars leads to the next generation of stars formed having a higher
tellar metallicity than the pre vious. Ho we ver, the closed box model
s an unrealistic approximation of galaxies, as interactions with the 
edium outside the galaxy through inflows and outflows are omitted. 
Inflows from the galaxy’s circum-galactic medium (CGM) bring 

n metal-poor gas, diluting the gas reservoir and lowering both the
as-phase and subsequently stellar metallicity. Outflows remo v e gas, 
lo wing do wn star formation to produce fewer metals. Additionally,
utflows that originate from stellar feedback might preferentially 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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emo v e high metallicity ISM gas from systems, further strengthening
he role of outflows in lowering metallicity, particularly in lower

ass galaxies (Chisholm, Tremonti & Leitherer 2018 ). Therefore,
he stellar metallicity of a galaxy is a result of the net sum of
hree processes: enrichment through stellar processes, inflows, and
utflows. These processes are key components of the baryonic cycle
n galaxies, which is intrinsically linked to mechanisms that cause
alaxy properties to vary with time, including the quenching of star
ormation. 

A key piece of the puzzle to understand the baryonic cycle and the
volution of galaxies is provided by higher redshift galaxy surv e ys
uch as UltraVISTA (McCracken et al. 2012 ). The surv e ys found
hat red quiescent galaxies grow in both number and total stellar

ass since z = 4 (Ilbert et al. 2013 ; Muzzin et al. 2013 ), implying
tar-forming blue cloud galaxies must shut down (quench) their star
ormation to form quiescent red-sequence galaxies. Ho we ver, the
emographics of red and blue galaxy populations alone are unable
o inform on the time-scales of these quenching events: the steady
rowth in quenched galaxies could arise from the average over many
ndividual galaxies with a wide range of different quenching time-
cales. 

As stars form in molecular clouds, the quenching of star formation
an be achieved in two ways. The first is the complete consumption
f gas following the (likely gradual) termination of the supply of
old gas into the regions of star formation. The second is the sudden
eating and/or disruption of the molecular clouds due to disruptive
vents originating from either within or outwith the galaxy. These
wo processes are expected to act on different time-scales (e.g.
chawinski et al. 2014 ), which is consistent with observational
ndings that quenching of star formation occurs o v er varying time-
cales, ranging from > 5 Gyr to < 1 Gyr (Heavens et al. 2004 ; Pacifici
t al. 2016 ; Carnall et al. 2018 ; Rowlands et al. 2018a ). 

Mechanisms proposed for the slow termination of star formation
nclude natural depletion of gas reservoirs o v er time through the
radual locking up of gas into stars, the ‘maintenance’ of hot gas
eservoirs by active galactic nucleus (AGN) feedback preventing
ooling of the CGM (Croton et al. 2006 ), morphological quenching
ue to the stabilizing force of a central spheroid (Martig et al. 2009 ;
everino, Dekel & Bournaud 2010 ), shock heating of higher mass
alo gas preventing cooling of gas onto galaxies (Dekel & Birnboim
006 ), the inhibition of radial inflows of cold gas by the increase in
ngular momentum of accreted gas due to disc growth (Renzini et al.
018 ; Peng & Renzini 2020 ) and the restriction and/or stripping of
 alaxy g aseous envelopes by tidal forces in clusters (Balogh, Navarro
 Morris 2000 ; Boselli & Gavazzi 2006 ). 
Peng, Maiolino & Cochrane ( 2015 ) and Trussler et al. ( 2020 )

ave argued that slow quenching mechanisms are the main driver of
ntermediate and low stellar mass ( M ∗ < 10 11 M �) galaxy quenching
t z < 1 due to the higher metallicity of quenched galaxies compared
o star-forming galaxies in the local Universe. In this model, the
low decrease in cold gas supply leads to gradual quenching, which
llows for star formation to continue with the remaining gas in the
alaxy while a lack of continued inflow of low metallicity CGM
as brings reduced dilution effects. The combined effect enhances
he metallicity of quenched galaxies with respect to star-forming
alaxies. Trussler et al. ( 2020 ) further concluded that, although the
ecrease in gas supply is the main driver for quenching, a continuous
econdary contribution from gas ejection through outflows is required
o match the star-formation rates (SFRs) of local passive galaxies
articularly at lower stellar masses. 
On the other hand, studies that analysed large scale cosmological

ydrodynamical simulations have found an important contribution
NRAS 528, 4029–4052 (2024) 
o the build up of the red sequence from rapidly-quenched galaxies
SIMBA, ≈ 50 per cent contribution of total stellar mass at z ∼ 1:
odr ́ıguez Montero et al. 2019 ; Zheng et al. 2022 ; IllustrisTNG,
40 per cent of galaxies o v er all redshifts: W alters, W oo & Ellison

022 ). Suggested mechanisms that could lead to this rapid quenching
f star formation include feedback in the form of violent ejection of
as from the central regions of a galaxy powered by AGN outflows
Feruglio et al. 2010 ; Cicone et al. 2014 ). Stellar sources such as
upernovae and stellar winds could similarly provide substantial
eedback, particularly in dense starburst regions (Martin 1998 , 2005 ;
olatto et al. 2013 ; Molero, Matteucci & Ciotti 2023 ). In clusters,

nfalling star-forming satellites can experience processes such as
am pressure stripping, thermal e v aporation and viscous stripping,
hich may be powerful enough to remo v e cold gas directly from

tar-forming regions (Boselli & Gavazzi 2006 ). 
Several approaches have been used to measure the relative im-

ortance of various quenching mechanisms observationally. This
ncludes, but is not limited to, fitting for the SFHs of quiescent galax-
es to obtain their quenching time-scales (e.g. Pacifici et al. 2016 ),
dentifying star-forming galaxies with unusually low molecular gas
ractions and short depletion times (e.g. G ́omez-Guijarro et al. 2022 ),
nd the aforementioned difference in mass–metallicity (MZ) rela-
ions between star-forming and quenched galaxies (Peng, Maiolino
 Cochrane 2015 ; Trussler et al. 2020 ). Despite the substantial work

n recent years, the various approaches lead to conflicting results in
he relative importance of fast and slow quenching mechanisms. 

One promising avenue towards resolving this confusion in the
iterature is the study of post-starburst (PSB) galaxies, which have
xperienced a recent ( < 2 Gyr), rapid drop in star formation activity
e.g. Wild et al. 2020 ). Studying the pre v alence and properties of
uch objects has the potential to constrain both the contribution of
apid quenching to the growth of the red sequence, as well as the
hysical mechanisms responsible for such rapid quenching events
e.g. Wild et al. 2009 ; Rowlands et al. 2018b ; Davis et al. 2019 ;
i et al. 2019 ; Zheng et al. 2020 ). Historically these were first

dentified as ‘E + A’ or ‘K + A’ galaxies due to their strong Balmer
bsorption lines and a lack of nebular emission lines (Dressler &
unn 1983 ). As a result of their SFH, PSBs exhibit an abundance of
 and F type stars, while the shorter-lived O and B stars are largely

bsent, allowing the pre-burst stellar population to not be heavily
utshone (see French 2021 , for a recent re vie w). PSBs typically
isplay compact morphologies, in both the local Universe and at
igher redshifts (e.g. Almaini et al. 2017 ; Chen et al. 2022 ). Some
tudies have suggested that high redshift starburst galaxies such as
ub-millimetre galaxies are progenitors of high-redshift PSBs (Toft
t al. 2014 ; Wild et al. 2016 , 2020 ; Wilkinson et al. 2021 ) and that
ow redshift starburst or ultraluminous infrared galaxies (ULIRGs)
re progenitors of low-redshift PSBs (Hopkins et al. 2008 ; Cales
t al. 2011 ; French et al. 2015 ; P a wlik et al. 2018 ). 

The initial quenching that transitions PSBs away from the starburst
hase is expected to be mainly driven by stellar feedback (see e.g.
ild et al. 2009 ), but current-generation simulations require AGN
echanical feedback (outflows) to completely halt star formation

nd sustain the reduced SFR after the starburst (e.g. Zheng et al.
020 ). Although PSBs account for only a minor < 1 per cent of the
alaxy population at redshift z ∼ 0 (P a wlik et al. 2016 ), the short
isibility window of the spectral features means that a considerable
raction of all quenched galaxies could have passed through a PSB
hase, particularly at higher redshift (Wild et al. 2009 , 2016 , 2020 ;
hitaker et al. 2012 ; Belli, Newman & Ellis 2019 ; Taylor et al.

023 ). Therefore, PSBs provide a key testing ground to study the
ffects of fast quenching mechanisms. 
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Measuring the gas-phase metallicity of PSBs is challenging due to 
he weakness of nebula emission lines and contamination with AGN, 
hock or diffuse interstellar excitation mechanisms, and can only be 
chieved in some cases (see Rowlands et al. 2018b ; Boardman et
l. 2024 ). Ho we ver, we might expect substantial chemical evolution
o occur during such extreme changes in star formation rate. Given 
he ne gativ e radial metallicity gradients of star forming galaxies (e.g.

atteucci & Francois 1989 ; Zaritsky, Kennicutt & Huchra 1994 ), the
nflow of gas required to drive the centralized starburst common to 
any PSBs might be expected to pull in lower metallicity gas from

he outskirts of the galaxies, reducing metallicity. On the other hand, 
he very high star formation rates o v er a short period of time will
ead to repeated recycling of gas released from evolved stars and a
apid build up in metals. Given the higher metallicity of quiescent 
alaxies than star-forming galaxies at given stellar mass (Gallazzi 
t al. 2005 ; Peng, Maiolino & Cochrane 2015 ), which of these
rocesses dominate in reality has important implications for how 

ignificantly PSB galaxies, and rapid quenching more generally, can 
ontribute to the build-up of the quiescent population. 

A systematic characterisation of the stellar metallicity evolution 
f PSBs has not been attempted previously to our knowledge. In
his study, we aim to measure this by taking advantage of the fact
hat both the pre-burst and starburst stellar population are visible in 
SBs’ integrated light spectrum. To draw a more direct comparison 
ith simulations that focus on the chemical evolution in the cores 
f starburst galaxies, we focus this study on analysing galaxies with 
SB-like centres. In Section 2 , we describe our data and sample
election. In Section 3 , we present our method of spectral fitting of
he optical continuum through stellar population synthesis models. 

e test the method with both ‘self-consistent’ and simulation-based 
arameter reco v ery in Section 4 , to v erify we can reco v er the SFH
nd chemical history of PSBs. We then apply the method to MaNGA
alaxies, present the results in Section 5 , and discuss them in
ection 6 . Where necessary, we assume a cosmology with �M 

= 0.3,
� 

= 0 . 7, and h = 0.7. All magnitudes are in the AB system (Oke &
unn 1983 ). We assume a Kroupa ( 2001 ) stellar initial mass function

IMF), and take solar metallicity Z � = 0.0142 (Asplund et al. 2009 ).
e re-scale all metallicity measurements quoted from the literature 

o this solar metallicity for direct comparison. Throughout, we denote 
ookback time as t and ages of the Universe as t ′ , such that t ′ = t H −
 where t H is the age of the Universe. 

 DATA  

aNGA (Bundy et al. 2015 ) is an integral field spectrograph (IFS)
urv e y of ≈10 000 M ∗ > 10 9 M � galaxies (11 273 datacubes) in the
ocal z < 0.2 neighbourhood, a part of the fourth-generation Sloan 
igital Sk y Surv e y (SDSS-IV; Blanton et al. 2017 ) that ran from
014 to 2020. It used the Sloan Foundation Telescope at Apache Point
bservatory (Gunn et al. 2006 ) to collect spatially resolved spectra 
y using hexagonal bundles of 19–127 optical fibres, depending 
n the apparent sise of the target. The output BOSS spectrographs 
Smee et al. 2013 ) provide high quality spectra in the wavelength
ange 3622 − 10354 Å at a spectral resolution of R ∼ 2000. 1 We 
ccess MaNGA data through both the web interface and the PYTHON 

ackage MARVIN (Cherinka et al. 2019 ). 
For all MaNGA galaxies in the full data release DR17 (Abdurro’uf

t al. 2022 ), we obtain redshift from the MaNGA data reduction
ipeline (Law et al. 2016 , 2021 ) and galaxy stellar mass from the
 R = λ/ �λFWHM 

o
5

a

ASA-Sloan Atlas ( NSA ELPETRO MASS , a K-correction fit to
lliptical Petrosian fluxes, see Blanton et al. 2011 ). We obtain spectral
ndices along with other necessary properties from the MaNGA data 
nalysis pipeline (Belfiore et al. 2019 ; Westfall et al. 2019 ). We adjust
he stellar masses from NSA for Hubble constant h = 0.7. Other
tellar mass estimates from SDSS-MPA/JHU, 2 and the Wisconsin 
ethod (Chen et al. 2012 ) were also considered, but provided no

ualitative changes to the conclusions. We limit the sample to z <
.06 in fa v our of local PSBs with good spatial resolution, leaving
971 galaxies. 
Within each MaNGA galaxy’s datacube, 3 spaxels 4 marked with 
OCOV , LOWCOV , or DONOTUSE flags are remo v ed. To identify
SB spaxels, we broadly follow the methods in Chen et al. ( 2019 ),
pecifically requiring the spaxels’ median spectral signal to noise 
atio (SNR) > 8 per pixel, strength of the H δ Balmer absorption
ine after accounting for emission infilling H δA > 3 Å (Worthey 
 Ottaviani 1997 ), equi v alent width of the H α nebular emission

ine after accounting for underlying absorption W(H α) < 10 Å, 5 and 
og W(H α) < 0.23 × H δA − 0.46. 

To select our galaxy sample, we first selected galaxies with a
SB spaxel fraction > 0.05 among all classifiable spaxels (spaxels 
ot marked with the previous flags nor the SNR threshold that we
mpose). Next, we sliced the galaxies into three elliptical annuli with
 < R / R e < 0.5, 0.5 < R / R e < 1, and 1 < R / R e < 1.5, where R e 

s the r -band elliptical-Petrosian ef fecti ve radius, using the elliptical
olar distance of each spaxel from the galaxy centre. Our galaxy
ample is selected to have > 50 per cent of the inner annulus spaxels
lassifiable, and > 50 per cent of these spaxels to be classified as a
SB, yielding 54 candidates. This sample selection is qualitatively 
imilar to the Chen et al. ( 2019 ) selection of MaNGA galaxies with
central’ PSB regions. 

After the removal of candidates with faulty MaNGA observations 
e.g. mismatched redshift and ob vious fore ground stars, remo v ed 2:
248–6104, 8601–12703), active galactic nuclei (AGN) broad emis- 
ion (remo v ed 1: 11004–6104) and datacubes flagged as BADFLUX
y the MaNGA DRP (remo v ed 1: 8944–1902, spectrum also appears
o be faulty upon visual inspection), the final sample contains 50
SBs. They span a total stellar mass range of 8.55 < log 10 M ∗/M � <

0.63, as listed in Table 1 together with other properties. 
We form a stacked PSB-only spectrum for each galaxy, only 

ncluding spaxel contributions from the PSB-classified spaxels at 
ll radial distances. To ensure spaxel quality, we remo v e spax els
arked with quality flags DEADFIBER or FORESTAR in MaNGA’s 
 α emission line maps. Spectra are summed unweighted, while 
ncertainties are summed in quadrature. The stacking of many 
paxels for each galaxy allows for a very high SNR to be reached
cross the full MaNGA wavelength range, with the mean SNR per
ixel ranging from 95 to > 1200. The SNR of the sample is listed in
able 1 . After correcting for Milky Way dust reddening, we further
ask major nebular emission lines, residuals of strong skylines 

central flux > 5 × 10 −16 erg s −1 cm 

−2 Å
−1 

in Hanuschik 2003 ) and 
MNRAS 528, 4029–4052 (2024) 

n the plane perpendicular to the light of sight. 
 W(H α) follows the passband definitions in Westfall et al. ( 2019 ), which is 
 modified version of passbands in Yan et al. ( 2006 ). 

http://www.mpa-garching.mpg.de/SDSS
http://home.strw.leidenuniv.nl/~jarle/SDSS/
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Table 1. List of 50 studied PSB galaxies and their properties. 

Plate-IFU 

(1) 
MaNGA ID 

(2) 
RA (degrees) 

(3) 
Dec. (degrees) 

(4) 
Redshift 

(5) 
log 10 M ∗

(6) 

PSB spaxels 
all classifiable spaxels 

(7) 
Number of stacked spaxels 

(8) 
Stacked mean SNR 

(9) 

7961–1901 1–178035 259 .53275 30 .12902 0.0296 9 .68 0.45 162 335.8 
7964–1902 1–179682 317 .42261 0 .62777 0.0242 9 .42 0.07 28 169.6 
7965–1902 1–635485 318 .50227 0 .53509 0.0269 10 .10 0.91 356 843.5 
8080–3702 1–38062 49 .22887 − 0 .04201 0.0231 9 .88 0.39 285 553.1 
8081–3702 1–38166 49 .94685 0 .62382 0.0247 9 .14 0.12 92 112.0 

. . . 

(1) MaNGA Plate-IFU identifier; (2) MaNGA identifier; (3) RA (J2000); (4) Declination (J2000); (5) Redshift; (6) log 10 total stellar mass fitted from K-corrected 
elliptical Petrosian photometric fluxes in GALEX/SDSS FNugriz bands from the NSA catalogue, adjusted for h = 0.7; (7) Number fraction of classified PSB 

spaxels among all spaxels not marked with the NOCOV or LOWCOV flags in MaNGA datacubes; (8) Final number of stacked spax els, after e xcluding spax els 
marked with DEADFIBER or FORESTAR ; (9) Mean SNR of the stacked optical spectrum o v er the full MaNGA wavelength range. The full table is available as 
supplementary online material. 

Figure 1. Two typical PSBs from our sample. The top represents PSBs with the vast majority of classifiable spaxels classified as PSB, while the bottom 

represents PSBs with only a core PSB region. The left panels show the SDSS 3-colour image with the galaxy’s Plate-IFU marked on the top right corner. The 
MaNGA field of view is marked as the pink hexagon. The middle panels show the spaxel selection (broadly following Chen et al. 2019 ), displaying regions with 
no/faulty observations (transparent), with median spectral SNR < 8 too low to be classified (grey), classified as PSB (blue) and classified as non-PSB (red). 
The right panels show the stacked observed-frame spectrum of the PSB classified spaxels (black), the stacked 1 σ observational uncertainty (red, multiplied by 
10 × to make visible) and spectral ranges masked during the fitting process (grey bands), including major nebular emission lines, skyline residuals and Balmer 
infilling. The resulting stacked spectra have a mean SNR of 274 and 482 respectively. 
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almer infilling. Since P a wlik et al. ( 2018 ) have previously shown
hat stellar population synthesis models based on the MILES stellar
ibrary (Falc ́on-Barroso et al. 2011 ) showed improved recovery of the
FH of PSBs compared to models based on other libraries, we limit

he spectra to rest frame λ < 7500 Å to be fully within the MILES
ange when fitting. Fig. 1 demonstrates the stacking process with two
SBs as examples. 
Limiting the spectra to rest frame λ < 7500 Å potentially loses

aluable constraining power on the older stellar population. Spectral
nformation from longer wavelengths can form a longer wavelength
aseline to minimise any age-dust-metallicity de generac y (see sec-
ions 5.1 and 6.1 of Conroy 2013 ). Hence, the flux in the portions
ith observed frame wavelength 7500 < λ < 9500 Å was summed

nto a single, artificial photometric data point, passed jointly with
he trimmed spectra to the fitting framework (Section 3 ). Ho we ver,
o significant differences in the estimated stellar and dust properties
ere observed with or without the photometric data point, therefore,
e limit our analysis to the trimmed spectra for the rest of this study.
NRAS 528, 4029–4052 (2024) 

i  
 O P T I C A L  C O N T I N U U M  SPECTRAL  FITTING  

o fully utilize the fossil record stored in the high-quality MaNGA
pectra, we employ the fully Bayesian spectral energy density
SED) fitting code BAGPIPES (Carnall et al. 2018 , 2019a ). In this
ection, we describe in detail our spectral fitting procedure of the
ptical continuum, which includes the assumed parametric SFH
odel for PSBs from Wild et al. ( 2020 ; Section 3.1 ). Moti v ated

y a suite of gas-rich binary major merger simulations that create
SB signatures (Zheng et al. 2020 ), we introduce a no v el two-step
etallicity model which decouples metallicity before and after the

tarburst, allowing for any change in stellar metallicity during the
tarburst to be reco v ered (Section 3.2 ). Additionally, we employ
 Gaussian process (GP) correlated noise model as an additive
erm to the physical model’s predicted spectrum to account for
orrelated observational uncertainties and imperfect spectral models
Section 3.3 ). The sampling of the posterior surface is done using the
ULTINEST nested sampling algorithm (Feroz & Hobson 2008 ) and

ts PYTHON interface (Buchner et al. 2014 ). As shown in Section 4
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Table 2. Model priors used for fitting PSB SEDs. 

Type Parameter Form Min Max 

SFH log 10 ( M ∗/M �) Uniform 6 13 
t form 

/Gyr Uniform 4 14 
τ e /Gyr Uniform 0.3 10 
t burst /Gyr Uniform 0 4 
α log 10 Uniform 0.01 1000 
β Fixed = 250 - - 
f burst Uniform 0 1 

Metallicity Z old /Z � log 10 Uniform 0.014 3.52 
Z burst /Z � log 10 Uniform 0.014 3.52 

Dust A V /mag Uniform 0 2 
birthcloud factor η Uniform 1 5 
t birthcloud /Gyr Fixed = 0.01 - - 

GP noise Uncorrelated amplitude s log 10 Uniform 0.1 10 
Correlated amplitude σ log 10 Uniform 10 −4 1 
Period/length scale ρ log 10 Uniform 0.04 1.0 
Dampening quality factor Q Fixed = 0.49 - - 

Miscellaneous Redshift Uniform 0.8 z 1.2 z 
σ disp /km s −1 log 10 Uniform 40 4000 

The parameter symbols are described in Sections 3 –3.3 , or otherwise have their usual meanings. Some 
parameters have prior shape log 10 uniform, which indicates a flat prior in uniform space log ( X ) ∼ U (log ( min ), 
log ( max )). Redshift is given a uniform prior ranging from 80 per cent to 120 per cent of the target’s MaNGA 

redshift ( z ). Note that σ disp is not the intrinsic velocity dispersion of the galaxy, as it does not account for the 
finite resolution of the spectral templates or observational data. 
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elow, our two-step metallicity model also reco v ers SFH-related 
arameters more accurately. 
Within BAGPIPES , we utilize the Bruzual & Charlot ( 2003 ) stellar

opulation synthesis models (2016 version), and assume the initial 
ass function from Kroupa ( 2001 ). We apply the two-component 

ust attenuation law from Wild et al. ( 2007 ) and da Cunha, Charlot
 Elbaz ( 2008 ), with a fixed power-law exponent n = 0.7 for the

nterstellar medium (ISM). The dust law asserts that stars younger 
han 10 Myr have a steeper power-law exponent n = 1.3 and are

ore attenuated than older stars by a factor η ( = 1/ μ in Wild et al.
007 ; da Cunha, Charlot & Elbaz 2008 ), as they are assumed to be
urrounded by their birth clouds. 

Overall, our model has 18 parameters as listed in Table 2 , 3 fixed
nd 15 free to be estimated. As we follow the Bayesian paradigm,
rior distributions are placed on the 15 parameters. It is important to
lso be aware of the imposed prior probability densities on derived 
hysical properties, for example, specific SFR (sSFR) and mass- 
eighted formation age ( t M 

), as they can impact the estimated galaxy
roperties and their uncertainties (Carnall et al. 2019b ). These are 
hown alongside SFH draws from the SFH prior in fig. 3 of Wild
t al. ( 2020 ). 

.1 The SFH model 

he SFH traces the rate of star formation in a galaxy and all
f its progenitors back in time, typically expressed in lookback 
ime. To model both the recent starburst and the underlying older 
tellar population expected in most local PSBs, we adopt the two- 
omponent parametric SFHs of Wild et al. ( 2020 ), which provides a
ood fit to combined spectra and photometry of z ∼ 1 PSBs, 

FR ( t ) ∝ 

1 − f burst ∫ 
ψ e d t 

× ψ e ( t ) 
∣∣∣
t form >t>t burst 

+ 

f burst ∫ 
ψ burst d t 

× ψ burst ( t ) . (1) 

his is made up of the older, exponential decay component ψ e and
he double power -law starb urst component ψ burst , both a function
f lookback time t . The lookback time when the older population
egan to form is denoted as t form 

, while the time since the peak of the
tarburst is denoted as t burst . The fraction f burst controls the proportion
f mass formed during the starburst. The two components have the
orms: 

 e ( t 
′ ) = exp 

−t ′ 
τe (2) 

 burst ( t 
′ ) = 

[ (
t ′ 

t ′ burst 

)α

+ 

(
t ′ 

t ′ burst 

)−β
] −1 

. (3) 

ll times in equations ( 2 ) and 3 are in ages of the Universe, therefore
nlike t burst , t ′ burst in the starburst component’s function represents 
he age of the Universe at the peak of the starburst. τ e is the older
opulation’s exponential decay time-scale, while α and β control 
he declining and increasing time-scales of the burst respectively, 
ith larger values corresponding to steeper slopes. The usage of 

he fraction f burst instead of parametrizing the stellar mass formed 
n the components indi vidually allo ws for an easier application of
 flat prior o v er f burst . This allows for not only SFH shapes with a
trong starb urst, b ut also rapid quenching ev ents of the e xisting star
ormation when f burst ∼ 0. 

We investigated allowing the rising starburst slope β to vary 
reely, with a similar prior to α. Ho we v er, parameter reco v ery tests
erformed using SNR = 100, at the lower end of our observations,
howed that β is poorly constrained in older starbursts ( t burst > 1
yr). Therefore, we fix β = 250, consistent with the typical value

ound from fits to younger starbursts. 
A common alternative SED fitting method a v oids assuming 

arametric forms for the SFH and instead allowing stars to form in
xed or variable bins in time (e.g. Cid Fernandes et al. 2005 ; Tojeiro
t al. 2007 ; Iyer & Gawiser 2017 ; Johnson et al. 2021 ). In general
hese models do well with smooth SFHs, but are less well suited to
alaxies which undergo a rapid change in SFR, due to the need for
dapti ve v ariability of the number of time bins. Ho we v er, both P a wlik
t al. ( 2018 ) and Suess et al. ( 2022 ) have successfully employed such
ethods, often referred to as non-parametric, to fit PSBs. Suess et al.

 2022 ) increased the number of time bins around the time of the
MNRAS 528, 4029–4052 (2024) 
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M

Figure 2. SFH (bottom) and stellar metallicities ( Z ∗/Z �) of the stars formed (top) in the binary gas-rich major merger simulation 2xSc07 that creates PSB 

signatures in Zheng et al. ( 2020 ). The full SFH is shown in the inset panel, where the shaded region indicates the assumed SFH of the progenitor galaxies. Stellar 
metallicity increases from ∼solar levels to more than twice solar not long after the peak of the starburst at ∼ 550 Myr lookback time. 
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tarburst, successfully reco v ering the rapid rise and fall in SFR of
ock PSBs. While this can provide more flexibility in theory, in

ractice the need to define time bins and in some cases the inclusion
f some form of regularization to smooth between time bins makes
he method more model dependent than it first seems. Additionally,
o code currently exists which can implement both non parametric
FHs and a GP model to account for correlated noise, which we
ound crucial for our fitting (see Section 3.3 ). Therefore, we opt for
 parametric SFH approach, noting that the GP noise component is
ble to account for any slight imperfections in the assumed SFH. 

.2 Two-step metallicity: insight from PSB merger simulations 

uring integrated light SED fitting, stellar metallicity is often
ssumed to be constant (e.g. Onodera et al. 2012 ; Gallazzi et al. 2014 ;
arnall et al. 2018 ; French et al. 2018 ; Wild et al. 2020 ; Suess et al.
022 ). This is done mainly to limit the dimensionality of the problem,
y sacrificing the second-order effects of chemical evolution on
bservations when compared to that from varying SFH, especially
or broad-band photometry. This work aims to explore whether this
implification can be remo v ed, and the chemical evolution of PSBs
eco v ered. 

To propose a simple yet representative metallicity evolution model
or PSBs, we consult the suite of gas-rich binary major merger
moothed-particle hydrodynamics (SPH) simulations that create PSB
ignatures in Zheng et al. ( 2020 ). The simulations were performed
sing the SPH code SPHGal (Hu et al. 2014 ; Eisenreich et al.
017 ), which is an updated version of the Gadget-3 code (Springel
005 ). SPHGal implements sub-resolution astrophysics models from
cannapieco et al. ( 2005 , 2006 ), updated by Aumer et al. ( 2013 ),
nd includes gas cooling rates following Wiersma, Schaye & Smith
 2009 ). Chemical evolution and stellar feedback from type Ia and
ype II supernovae, and asymptotic giant branch stars are accounted
or (for details, see section 3.1 of Zheng et al. 2020 ). The merger
rogenitor galaxies were set up following Johansson, Naab & Burkert
 2009 ) with modifications in the SFR adapted from Lah ́en et al.
 2018 ), and initial orbital configurations following Naab & Burkert
 2003 ). The AGN feedback models are from Choi et al. ( 2012 , 2014 ).
NRAS 528, 4029–4052 (2024) 
he galaxy models have a baryonic particle mass of 1.4 × 10 5 M �
or both gas and stars, and a gravitational softening length of 28 pc
or all baryonic particles. 

For our fiducial model we use the retrograde-prograde orbit merger
imulation of two identical progenitor galaxies with initial gas mass
ractions of f gas = 0.22 (2xSc 07), simulated with mechanical black
ole feedback but no radiative feedback, because it results in strong
SB spectral features. Fig. 2 plots the stellar metallicity of simulation
articles against their lookback times of formation, together with
he simulated SFH. When the merger -triggered starb urst occurs
t ∼ 550 Myr in lookback time, the newly formed stars have
ignificantly higher stellar metallicity than previous star formation
ue to rapid recycling of gas to form many generations of stars, and
he trend settles on more than twice the pre-burst metallicity after
he starburst ends. Similar patterns are seen in other gas-rich merger
imulations (Perez, Michel-Dansac & Tissera 2011 ; Torrey et al.
012 ). 
We approximate the rapid metallicity increase with a step function

nd introduce a two-step metallicity model with the time of transition
xed at the peak of the starburst t burst , 

( t) = 

{
Z old t > t burst 

Z burst t ≤ t burst . 
(4) 

oth t and t burst are in lookback times. The two metallicity levels
 old and Z burst are independent and have identical priors, to ensure

he model is equally able to fit an increase, decrease or no change in
tellar metallicity during the starburst. 

We experimented with several more complex metallicity evolution
odels: a three-step model (pre-burst, during burst, after burst);
 gradual increase in metallicity prior to the burst; a two-step
etallicity with scatter in the metallicity of coe v al stars, follo wing a

og-normal or exponential distribution. None provided significantly
mpro v ed parameter reco v ery, and giv en that we do not e xpect the
imulations to be a perfect representation of the real Universe, we
elt that any additional model complexity was not justifiable. 



Chemical evolution of PSBs 4035 

3

W
t
p
d
c  

s
1  

s  

s
n
s
a
a
p
c  

 

o
i  

s
a  

&  

(  

S
2  

t  

s
a
s  

d
t  

t  

c
r
d
t
d
(

 

q
a  

a
m
m
H
l

n  

d
t
2  

(
t

C

w  

u
c
k
j  

f
s  

s
k

K

w  

c  

c
c  

K  

i
 

F  

e

S

w  

f  

o  

m  

ω

i
c
S  

r
i

k  

i
p  

a

4

I  

c
r  

P  

r  

a
i

4

T
u
m  

s
g
c  

l  

t
c

r
t
S  

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4029/7581991 by guest on 22 February 2024
.3 Treatment of correlated errors 

hen fitting photometric data, it is safe to assume the observa- 
ional uncertainties in the bands are uncorrelated, due to individual 
hotometric bands being observed at different time points, with 
ifferent instrument set ups. However, when working with spectra 
onsecutiv e pix els are not independent, due to the many processing
teps involved in translating the raw spectroscopic observations into 
D spectral arrays. Following the methods in Carnall et al. ( 2019a ,
ee Section 4 for a detailed discussion regarding the treatment of
pectroscopic uncertainties), we introduce an additive, GP correlated 
oise component. As well as allowing for correlated uncertainties that 
tem from the standard data reduction of spectra, this component 
lso serves to account for model-data mismatch that originates from 

ssumptions and approximations involved at all stages of stellar 
opulation synthesis: isochrones, stellar spectral templates, SFH, 
hemical evolution and dust models (see Conroy 2013 , for a re vie w).

A GP can be visualized as a series of random variables along one
r more continuous axes that represents some physical property. It 
s a general technique, that has been used to model data in various
ub-fields of astronomy, including light curves of X-ray binaries 
nd AGNs (Kelly et al. 2014 ), asteroseismic data of stars (Brewer
 Stello 2009 ; F oreman-Macke y et al. 2017 ), exoplanet transits

Barclay et al. 2015 ; F oreman-Macke y et al. 2017 ; Chakrabarty &
engupta 2019 ) and radial velocity measurements (Czekala et al. 
017 ), and the cosmic microwave background (Bond et al. 1999 ). In
he case of spectral fitting, the random variables model a series of
pectral flux densities along an array of wavelengths, which forms 
n SED. Each variable is modelled with a Gaussian distribution, 
uch that for a data set with N values, an N-dimensional Gaussian
istribution is constructed. Before the variables are conditioned on 
he observed data, the prior mean of the Gaussian distributions is
ypically set as a vector of zeros. This is also adopted in this study. The
ovariance matrix describes the relationship between each one of the 
andom variables with all other random variables. Each covariance is 
escribed by a kernel function that depends on the separation between 
wo observations considering their physical properties. For an in- 
epth description of GP modelling, see Rasmussen and Williams 
 2006 ). 

For the fitting of spectra, the GP’s covariance matrix allows us to
uantify the correlated noise between the measured flux density of 
n y wav elength bin with all other bins. This is useful since it can
ccount for correlated noise on different wavelength scales, where 
easurements at close-by wavelength bins are expected to correlate 
ore strongly than measurements separated by longer distances. 
ence, the close-to-diagonal terms of the covariance matrix will 

ikely have a larger magnitude than off-diagonal terms. 
To reduce computational time, we replace the squared expo- 

ential kernel used in Carnall et al. ( 2019a ) with a stochastically
riven damped simple harmonic oscillator (SHOTerm), implemented 
hrough the CELERITE2 PYTHON package (F oreman-Macke y et al. 
017 ; F oreman-Macke y 2018 ). The GP model of Carnall et al.
 2019a ) used a covariance matrix describing the covariance between 
w o w avelength bins j and k , 

 jk ( � ) = s 2 σj σk δjk + b 2 exp 

(
− ( λj − λk ) 2 

2 l 2 

)
, (5) 

ith parameters � = ( s , b , l ), where s scales the observational
ncertainties σ j , k on the SED fluxes, b is the amplitude of the 
orrelated noise and l is the lengthscale of the squared exponential 
ernel in units of wavelength. λj and λk are the wavelengths at indices 
 and k , and δjk is the Kronecker delta function. The first term allows
or scaling of the uncorrelated input observational noise while the 
econd term is the GP kernel function for correlated noise. In this
tudy, we replace the second term with the CELERITE2 SHOTerm 

ernel function K , which is a sum of exponential terms, 

 α( | λj − λk | ) = 

M ∑ 

m = 1 

a m 

exp 
( − c m 

( | λj − λk | ) 
)
, (6) 

here α = ( a, c ), with a and c vectors with elements a m and
 m , respectiv ely. F or a single exponential term of this form, the
orresponding inverse covariance matrix is tri-diagonal, which can be 
omputed with a small number of e v aluations (Rybicki & Press 1992 ;
 elly, Sobole wska & Siemiginowska 2011 ), facilitating a reduction

n computation time. 
To allow for easier usage of the kernel function, we follow

 oreman-Macke y et al. ( 2017 ) to take the Fourier transform of
quation ( 6 ), with the power spectral density 

( ω) = 

√ 

2 

π

S 0 ω 

4 
0 

( ω 

2 − ω 

2 
0 ) 2 + ω 

2 
0 ω 

2 /Q 

2 
(7) 

here ω 0 is the frequency of the undamped oscillator, Q is the quality
actor of the oscillator, and S 0 is proportional to the power of the
scillator at ω = ω 0 : S( ω 0 ) = 

√ 

2 / πS 0 Q 

2 . To make the function
ore intuiti ve, CELERITE2 allo ws for the option to swap frequency
 0 with period ρ via the relationship ρ = 2 π / ω 0 , such that period ρ

s proportional to a typical lengthscale at which fluxes at λj and λk 

orrelate by a standard degree. CELERITE2 also allows for swapping 
 0 with the standard deviation of the GP realizations σ via the
elationship σ = 

√ 

S 0 ω 0 Q , such that this amplitude parameter is 
ndependent of the other parameters ω 0 and Q . 

Aiming to emulate the behaviour of the squared exponential 
 ernel, which w orks well on spectral fitting problems, we match
ts autocorrelation curves with those from the SHOTerm kernel. This 
rocess is described in Appendix A . This replacement of kernels
llowed for a ∼100 fold reduction in computational time. 

 TESTING  O F  FITTING  M E T H O D S  

n this section we demonstrate that the combination of the two-
omponent SFH model with the two-step metallicity model can 
eco v er rele v ant galaxy parameters when presented with spectra of
SBs, with low systematic biases. We perform two types of parameter
eco v ery tests: a ‘self-consistent’ test is described in Section 4.1 , and
 smooth particle hydrodynamic (SPH) simulation test is described 
n Section 4.2 . 

.1 Self-consistent parameter reco v ery 

he ‘self-consistent’ test involves generating mock PSB spectra 
sing the functional forms for all parameters, including SFH, 
etallicity evolution and dust, then fitting the mock spectra with the

ame functional forms and spectral templates used for mock spectra 
eneration. This setup ensures there is no model-data mismatch nor 
orrelated errors. If the parameter reco v ery is successful across a
arge range of input values, it indicates the fitting process can reco v er
he required parameters with minimal degeneracies when the model 
an perfectly describe the data. 

We generate spectra using BAGPIPES , with identical wavelength 
ange and spectral resolution as our real MaNGA spectra, perturbing 
he generated spectra with Gaussian uncorrelated errors assuming 
NR = 100 similar to the minimum SNR of our observed spectra.
ypical dust and dispersion values were assumed, based on the results 
MNRAS 528, 4029–4052 (2024) 
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Figure 3. Self-consistent parameter reco v ery test with the two-step metallicity model. Left : SFH (top) and fractional cumulative SFH (bottom), showing the 
input truth (black line), posterior median (solid orange line) and its 1 σ region (shaded), and 15 random draws from the posterior fit (dashed lines). Right : Violin 
plots showing posterior distributions of total stellar mass formed (log 10 M ∗/M �), extinction in V band ( A V ), velocity dispersion ( σ disp ), burst mass fraction 
( f burst ), age of the burst ( t burst ) and metallicity levels. The height corresponds to the distribution’s density, while the central box plot marks its median (white 
dot), 1 σ region (thick brown bar) and 2 σ region (thin brown line). The vertical black lines indicate the input truths. In the lower right panel, the lighter and 
darker shaded violins correspond to the posterior of the burst and older metallicities, respectively. All parameters are estimated with accuracy within 2 σ , and 
the metallicity change is reco v ered. 

f  

w  

n
 

w  

P  

d  

1  

m  

i  

S  

a  

d  

p  

c  

t  

I  

t
 

p  

a  

w  

s

4

T  

p  

r  

6

s

Table 3. The mean and standard deviation of offsets ( � , median of posterior 
− input truth), and mean uncertainties from 100 self-consistent parameter 
reco v ery tests using the two-step metallicity model. 

Parameter Mean offset ( � ) SD of offset Mean 1 σ
uncertainty 

log 10 (M ∗/ M �) − 0 .002 0 .026 0.011 
t form 

/Gyr 0 .19 1 .95 1.33 
t burst /Gyr 0 .049 0 .165 0.038 
f burst 0 .016 0 .076 0.022 
Z old / Z � − 0 .001 0 .084 0.019 
Z burst / Z � − 0 .023 0 .197 0.038 

The input values are randomly drawn from the priors given in Table 2 , but 
were then checked to ensure the resulting spectrum satisfied our PSB selection 
criteria. We list here the mean offset and fitting uncertainty averaged across 
all 100 tests. All symbols follow the definitions in Section 3 . 
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rom our observed sample ( A V = 0.6, η = 3, σ disp = 80 km s −1 ). Since
e do not inject correlated errors, there is no need to include the GP
oise component during fitting. 
Fig. 3 shows the reco v ery performance of a self-consistent test

ith mock input parameter values similar to the SPH-simulated
SB in Fig. 2 , using the two-step metallicity model. The left panels
emonstrate that we are able to reco v er the input SFH to within
 σ for nearly all lookback times. In the top left panel, the apparent
ismatch between the posterior median SFH (solid orange) and

nput SFH (solid black) before z = 1 is partly a plotting artefact.
ince each posterior sample is an exponential decay function with an
brupt increase in SFR at t form 

, the median SFR includes a steadily
ecreasing fraction of models with no star formation. Hence we also
lot the SFHs of 15 posterior samples in the same panel, and show the
umulative fraction of the total stellar mass formed against the age of
he Universe in the bottom left panel as an alternative visualization.
n the cumulative SFH, it is easier to see that the discrepancy between
he fitted median and input curves is < 1 σ . 

The right panels of Fig. 3 show violin representations of the
osterior distributions for sev en ke y parameters, demonstrating they
re reco v ered to within 2 σ of the input truths (solid bars). P articularly,
e are able to reco v er the difference between the pre-burst and

tarburst stellar metallicities, with a high degree of confidence. 

.1.1 Sample of self-consistent model tests 

o understand whether the offsets observed between true values
osterior median estimates in Fig. 3 are systematic, we repeated the
eco v ery test 100 times with randomly drawn input values 6 from
NRAS 528, 4029–4052 (2024) 

 The total stellar mass formed and redshift are fixed, as these do not alter the 
hape of the spectrum, and varying them will not provide additional insight. 

t  

i  

 

r  
he priors in Table 2 . Variations in dust and velocity dispersion are
mitted due to computational time limitations (although see below
or a comparison when these are included). We only fit mock spectra
hat are classified as PSBs under our selection criteria using H δA 

nd W(H α) (Section 2 ). The mean and standard deviation of the
ffset (median of posterior − input truth), and fitting uncertainty
or all tests are listed in Table 3 . Identifying parameters where the
ean offset is greater than the mean uncertainty, we find a very slight

v erage o v erestimation in burst age. Ho we ver, this is two orders of
agnitude smaller than the range of our sample’s estimated burst

ges (Section 5 ), thus this does not impact our main results. We
erify that there is no bias for finding a change in metallicity when
he true metallicity remains constant, and incorrectly assigning an
ncrease in metallicity when the true metallicity falls, and vice versa.

In addition to the test shown in Fig. 3 , five self-consistent parameter
eco v ery tests with dust and velocity dispersion are performed
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(a)

(g) (h)

(i)(b)

(c)

(d) (e) (f)

Figure 4. Simulation-based parameter reco v ery test, comparing the results of fitting the constant (blue) and two-step (orange) metallicity models to star particles 
generated from an SPH merger simulation (from Zheng et al. 2020 , see Fig. 2 ). Most panels are as per Fig. 3 . Panel (C) additionally presents the stellar metallicity 
evolution; lines and shaded re gions hav e the same meaning as for the SFH panels. The vertical magenta line marks a lookback time of 1.5 Gyr, before and after 
which we calculate the fraction of mass formed within t < 1.5 Gyr ( f young ) and the mass-weighted mean stellar age within t < 1.5 Gyr ( t M, young ) shown in 
panels (G) and (H). In panel (I), the top-most black vertical line indicates the mass-weighted metallicity throughout the simulation, while the following two are 
the mass-weighted metallicity of stars formed before and after the peak of the starburst. The two-step metallicity model out-performs the constant model in the 
reco v ery of all parameters. 
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ased on randomly drawn input values, including A V , η, and σ disp .
omparing the five test results to the 100 abo v e that did not have

he dust component and added velocity dispersion, a ∼ 40 per cent 
ncrease in estimation uncertainty is seen across individual SFH 

roperties and metallicity. Despite this, with dust and velocity 
ispersion, the reco v ered values remain within 2 σ of the input truths
see Fig. 3 ). 

These tests show that, in the absence of model-data mismatch and 
orrelated noise, we can reco v er the input parameters of the two-
tep metallicity model, via integrated light MaNGA-like spectra, 
or a wide range of PSBs with varying stellar and metallicity 
istories. 

.2 SPH simulation parameter reco v ery 

he second parameter reco v ery test involv ed generating mock PSB
pectra from the stellar particles of the SPH simulations in Zheng 
t al. ( 2020 ), and fitting them with our assumed models to see
hether we can reco v er the underlying galaxy properties. Unlike 

n the ‘self-consistent’ tests abo v e, the star formation and chemical
volution history of the SPH simulations is complex, and cannot 
e perfectly described by the simple functional forms of our model. 
dditionally, stars formed coe v ally in the simulation can have a range
f metallicities, which is not possible in our model. Thus, the mock
pectra are created from galaxy properties that do not exist within 
he prior model space, so parameters can only be approximately 
eco v ered. An y inaccuracies and biases found during this test allows
or conclusions to be drawn concerning the models’ performances 
hen tasked with real data, which will exhibit similar characteristics. 
While investigating the cause of the small number of self- 
onsistent parameter reco v ery tests with large discrepancies between 
stimated and true values, we disco v ered that many occur as the mock
alaxy’s t form 

approaches the age of the Universe. The rate of change
n the flux of a galaxy spectrum with time decreases with increasing
tellar age, hence, errors on t form 

increase for the oldest galaxies.
his issue is not due to the changing metallicity, as it is seen in the
arameter reco v ery tests of both constant and two-step metallicity
odels. Unfortunately, all the SPH simulations in Zheng et al. ( 2020 )
ere initialised with analytic templates that began their star formation 

t age of the Universe t = 0 . 5 Gyr. Therefore, to enable a better
nsight into the reco v ery of star formation and metallicity histories in
SBs, we scale the age of all simulated stellar particles down by 15
er cent, preserving the total stellar mass formed and the shape and
hronology of the SFH. The shift away from simulated SFHs that
e gan at v ery low age of the Universe does not impact our results, as
he typical estimated age of the Universe when star formation began
or our sample ( t ′ form 

) is > 3 Gyr. Mock spectra are generated exactly
s described in Section 4.1 , with the same dust properties, velocity
ispersion, SNR and uncorrelated Gaussian noise. Due to model-data 
ismatch caused by the simulations’ parameters lying outside of the 

rior space, the GP noise component is included when fitting. 
Fig. 4 compares the results of fitting spectra constructed from 

he binary merger simulation shown in Fig. 2 with the constant and
wo-step metallicity models. Due to the model no-longer existing 
ithin the model prior space, we no longer expect perfect parameter

eco v ery. The top left panels show that the two-step metallicity
odel outperforms the constant model when reco v ering the SFH

f simulated PSBs that underwent changes in stellar metallicity. The 
MNRAS 528, 4029–4052 (2024) 
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Table 4. The offsets ( � , median of posterior – input truth) from 46 parameter reco v ery tests fitting SPH-derived PSB spectra with the constant and two-step 
metallicity models. 

Constant metallicity model Two-step metallicity model 
Parameter Mean offset ( � ) SD of offset Mean 1 σ uncertainty Mean offset ( � ) SD of offset Mean 1 σ uncertainty 

log 10 (M ∗/ M �) (1) − 0 .186 0 .054 0 .013 − 0 .048 0 .028 0 .012 
t M, old / Gyr (2) − 3 .26 0 .70 0 .19 − 1 .55 0 .87 0 .34 

t M, young / Gyr (3) 0 .153 0 .052 0 .009 0 .027 0 .073 0 .015 
f young (4) 0 .108 0 .043 0 .008 0 .019 0 .019 0 .005 

Z M, before peak / Z � (5) 0 .464 0 .280 0 .041 0 .007 0 .263 0 .020 
Z M, after peak / Z � (6) − 0 .939 0 .268 0 .041 − 0 .277 0 .668 0 .040 

A V /mag (7) − 0 .068 0 .086 0 .021 0 .025 0 .017 0 .009 
σ disp /km s − 1 (8) 1 .47 1 .05 0 .65 0 .19 0 .94 0 .59 

We list here the mean and standard deviation of offsets and fitting uncertainty averaged across all 46 simulated spectra. Parameters (1), (7), and (8) follow the 
meanings in Section 3 , while the other parameters are (2) mass-weighted mean stellar age before lookback time t = 1.5 Gyr, (3) mass-weighted mean stellar age 
after lookback time t = 1.5 Gyr, (4) fraction of mass formed within t < 1.5 Gyr, (5) mass-weighted mean stellar metallicity before the corresponding simulation’s 
peak SFR of the starburst, and (6) mass-weighted mean stellar metallicity after the corresponding simulation’s peak SFR of the starburst. For a wide range of 
SFHs, metallicity evolution and dust properties, the two-step metallicity model shows smaller offsets than the constant model. 
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ottom left panel shows the fitted two-step metallicity model closely
ollows the simulation’s metallicity evolution. 7 

As there is no direct input ‘truth’ corresponding to many of the
tted parameters, in the right hand violin plots we instead compare

he fraction of mass formed within t < 1.5 Gyr ( f young ), mass-weighted
ean stellar age within lookback time t < 1.5 Gyr ( t M, young ), and

he mass-weighted mean stellar metallicity throughout the entire
imulation, as well as before and after the peak SFR of the starburst.
n all cases, the two-step metallicity model substantially outperforms
he constant metallicity model in reco v ering the underlying galaxy
roperties. 
In the bottom right panel, we see that the fitted metallicity of

he constant metallicity model is > 5 σ higher than the true o v erall
ass-weighted metallicity. The o v er-estimation of the older stellar

opulation’s metallicity results in a redder old-star spectrum, leading
o a younger fitted t form 

. The failure to reco v er the light from old
tars (formed before 6 Gyr), leads to an underestimation of total
tellar mass formed by > 0.2 dex. On the other hand, the under-
stimation of the burst population’s metallicity results in a bluer
oung-star spectrum, leading to an o v erestimation of the burst
ge to compensate. The flexibility of the two metallicity levels
llows for these problems to be mitigated. As a result, the violin
lots show a significantly more accurate reco v ery of all parameters
isplayed. 
To verify that the two-step metallicity model also enables good

eco v ery of input true values when metallicity declines during the
tarburst, we artificially flip the metallicity of stellar particles in the
imulation, to simulate a decrease in metallicity. We found the two-
tep model again results in a superior reco v ery of the SFH compared
o the constant model. 

.2.1 Sample of simulation recovery tests 

o investigate the possible bias on recovered parameters, we expand
he simulation parameter reco v ery test to a suite of 46 tests performed
n PSB spectra predicted from the simulations in Zheng et al. ( 2020 ).
ll tests assumed the same dust properties, velocity dispersion, SNR

nd perturbation of the generated spectrum as previous tests. We only
NRAS 528, 4029–4052 (2024) 

 The sudden drop in metallicity of the simulation at 10.5 Gyr is a result of 
he switch from analytic progenitor galaxies to SPH simulation and is not 
hysical. 

r  

t  

a  

s  

t

se the simulation runs that resulted in an obvious starburst followed
y rapid quenching i.e. prograde-prograde and retrograde-prograde
imulations, more gas rich progenitors, and those with mechanical
lack hole feedback, but without radiative feedback. The inclusion
f radiative feedback was found to be too ef fecti ve at suppressing
he increased star formation after the merger, leading to no/very
eak PSB signatures in the resulting galaxy (see Zheng et al. 2020 ).
pecifically, these were simulations Sa Sc 00, Sa Sd 00, 2xSc 00,
c Sd 00, 2xSd 00, Sa Sc 07, Sa Sd 07, 2xSc 07, Sc Sd 07, and
xSd 07. The initial gas mass fractions of the progenitors are 0.17,
.22, and 0.31 for Sa, Sc, and Sd, respectively. 
From each of the 10 SPH simulations, we extract 10 post-burst

pectra equally spaced in time from the peak of the starburst to
he end of the simulation. We do this by discarding star particles
ormed after each time point, input the remaining particles’ stellar
etallicity and ages (shifted to the new time of observation), into

AGPIPES which then constructs the integrated spectrum from SSPs
n the same way as our models. We then measure the H δA and

(H α) from the integrated spectra, and check whether they pass
ur selection criteria (Section 2 ). This results in 46 simulated PSB
pectra at 0.11–0.71 Gyr since the peak SFR of the starburst. Similar
o the example shown in Fig. 2 , all chosen simulations exhibit rapid
tellar metallicity increase during the starburst, leading to a much
igher recent ( t < 1.5 Gyr) mass-weighted metallicity than before
he starburst ( t > 1.5 Gyr). 

The mean offset and fitted uncertainty for both constant and
wo-step metallicity models are presented in Table 4 . The two-step
etallicity model achieves less bias in SFH-related parameters (total
ass formed, t M, young and f young ), A V and σ disp than the constant
odel, for a wide range of PSBs with varying SFHs and chemical

volution, ages and scatter. The two-step metallicity model returns a
mall mean offset in both metallicity measurements, which indicates
he model is able to accurately reco v er the metallicity change for a
road range of simulated PSBs. 
Tables 3 and 4 demonstrate that the standard deviation of the offset

etween true and fitted parameters is greater than their respective
ean 1 σ uncertainty. This is expected, due to the model being

n imperfect representation of the data, and illustrates why mock
eco v ery tests with semirealistic data are necessary. We are careful
o take account of this in the interpretation of our results below, but
lso note that the dynamic range of the parameters of interest is
ignificantly larger than even the standard deviation of the offset in
he mock reco v ery tests. 
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Table 5. Posterior estimated properties of 50 PSBs from the spectral fitting of stacked MaNGA spaxels. 

Plate-IFU log 10 A V (mag) log 10 SFR 100Myr t burst (Gyr) f burst τ 1/2 (Myr) Z old /Z � Z burst /Z � Z diff /Z � χ2 
ν

(1) M ∗, PSB /M � (2) (3) (M � yr −1 ) (4) (5) (6) (7) (8) (9) (10) (11) 

7961–1901 9 . 75 + 0 . 03 
−0 . 03 0 . 85 + 0 . 03 

−0 . 03 −0 . 65 + 0 . 07 
−0 . 06 1 . 69 + 0 . 09 

−0 . 07 0 . 81 + 0 . 11 
−0 . 12 483 + 56 

−35 1 . 59 + 1 . 07 
−0 . 76 0 . 95 + 0 . 14 

−0 . 15 −0 . 66 + 0 . 92 
−1 . 15 0.950 

7964–1902 9 . 19 + 0 . 05 
−0 . 04 1 . 27 + 0 . 04 

−0 . 04 −1 . 45 + 0 . 12 
−0 . 14 1 . 86 + 0 . 29 

−0 . 23 0 . 61 + 0 . 26 
−0 . 19 499 + 112 

−72 1 . 00 + 0 . 72 
−0 . 40 1 . 27 + 0 . 26 

−0 . 22 0 . 27 + 0 . 66 
−0 . 92 0.965 

7965–1902 – – – – – – – – – 0.878 
8080–3702 – – – – – – – – – 0.928 
8081–3702 8 . 76 + 0 . 06 

−0 . 07 0 . 45 + 0 . 10 
−0 . 08 −1 . 02 + 0 . 08 

−0 . 08 0 . 93 + 0 . 14 
−0 . 12 0 . 35 + 0 . 10 

−0 . 08 535 + 167 
−110 0 . 22 + 0 . 06 

−0 . 09 3 . 19 + 0 . 22 
−0 . 40 2 . 96 + 0 . 22 

−0 . 35 0.971 
. . . 

Five PSBs marked by dashes were poorly fit and are not considered in further analysis. Columns are (1) MaNGA Plate-IFU, (2) stellar mass within the stacked 
PSB spaxels, (3) ISM dust attenuation at 5500 Å ( V band), (4) the log 10 SFR within the stacked PSB spaxels averaged over the last 100 Myr, (5) time since 
the peak of the starburst, (6) fraction of mass formed during the starburst, (7) SFR halving time-scale of the starburst, (8) stellar metallicity before the burst, 
(9) stellar metallicity during and after the burst, (10) change in metallicity, and (11) reduced chi-squared value of the maximum likelihood posterior sample 
spectrum. The full table is available as supplementary online material. 
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8 Reduced chi-squared χ2 
ν = 

( ∑ 

i 
( O i −C i ) 2 

s 2 σ 2 
i 

)
/ν where O i is the observed 

spectrum, C i is the maximum likelihood posterior sample spectrum including 
the GP noise, and ν is the degree of freedom. Observational uncertainty σ i is 
multiplied by the median posterior uncorrelated scaling factor s . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4029/7581991 by guest on 22 February 2024
We note that among the suite of simulation reco v ery tests there
re several outliers with larger offsets in metallicity estimated with 
he two-step metallicity model than with the constant model. These 
re limited to models with a starburst peaking recently (0.2–0.4 
yr in lookback time). For these to be selected as PSBs, they have
 correspondingly rapid quenching time (e-folding time-scale τ ∼
0 Myr). In this case, the two-step metallicity model can suffer from
 de generac y between the true solution and a slightly older starburst
ith higher burst mass, longer quenching time-scales, and a declining 

tellar metallicity. In most cases where the two-step model fails to 
eco v er the correct metallicity evolution, the constant model also 
uffers from a similar older, more massive starburst degeneracy, albeit 
o a less severe degree. PSBs with such recent starbursts are not found
n our observed sample (Table 5 ). Therefore, we do not expect this
o be a significant concern for our results. 

To understand the spectral features that drive the better parameter 
eco v ery by the two-step metallicity model, Fig. 5 compares the fitted
pectra from the two metallicity models. The lower three plots in each
anel of Fig. 5 show the fitting residuals, the residuals smoothed by
 mean boxcar of width 11 pixels and the fitted spectra’s GP noise
ontributions. Vertical coloured regions mark the wavelengths of the 
ick indices (Worthey et al. 1994 ; Worthey & Ottaviani 1997 ) and

ndices CNB and H + K from Brodie & Hanes ( 1986 ). The root mean
quare residual for both models is noted in the lower panels. 

At first sight the fitted spectra from both metallicity models 
ppear to be very well matched with the mock spectrum. Ho we ver,
he smoothed residual reveals differences at all wavelengths. The 
wo-step model’s smoothed residual is smaller particularly within 
he calcium H + K lines and the iron and magnesium metallicity
ndices, which contributes to the two-step model’s slightly lower 
oot mean square residual. This is consistent with the better fit to
tellar metallicities obtained when using the two-step model. 

The constant metallicity model’s GP noise component led to a 
est-fitting model with a prominent slope (the red-end is 2 . 51 + 0 . 38 

−0 . 36 ×
0 −16 erg s −1 cm 

−2 Å
−1 

higher than the blue-end), while the phys- 
cal spectrum is significantly bluer than the input mock spectrum. 
his could arise from a combination of incorrectly estimated 
ust attenuation curve, incorrect metallicity or SFH properties, 
eading to the larger offsets for all properties in Table 4 . The
wo-step metallicity model’s GP noise component has a much 
maller amplitude at all wavelengths (amplitude RMS = 4 . 2 + 8 . 4 

−2 . 8 ×
0 −19 erg s −1 cm 

−2 Å
−1 

, small enough to be hidden behind the 
ashed line), and no o v erall slope. This indicates that the two-step
odel’s higher degree of flexibility allows for a better approximation 

f the mock spectrum generated from simulation, and only minor 
orrections from the GP noise are required. For completeness, in 
ppendix B we include a SPH simulation reco v ery test without

he use of the GP noise component to investigate the impact of
he component’s correction particularly for the constant metallicity 

odel’s fit. Qualitatively similar conclusions were made. 
To summarize, the two-step metallicity model allows for metal- 

icity evolution during the starburst to be traced without significant 
stimation biases or reduction in fitting precision due to the increased
omplexity, while allowing for better reco v ery of the SFH and its
arameters of the galaxy. 

 RESULTS  

e fit all 50 PSBs with the two-step metallicity model described in
ection 3 , including the new GP correlated noise model. 5/50 (10
er cent) resulted in fitted GP noise components showing obvious 
rends across the fitted spectral range, with amplitudes much larger 
han the observational uncertainty scaled by the posterior median 
ncorrelated noise amplitude ( s in equation ( 5 )). This can potentially
ndicate additional sources, such as AGN or foreground/background 
ources in their fitted spectra, or complex stellar/dust properties that 
annot be adequately fit with the model. Due to these considera-
ions, their results are excluded from further analysis (Plate-IFU: 
965–1902, 8080–3702, 9494–3701, 9495–3702, 9507–12704). All 
emaining 45 were found to have clear PSB SFHs, where rapid
uenching follows an episode of strong starburst. In general, the PSB
egions underwent a starburst ∼1 Gyr before observation, with the 
oungest starburst occurring ≈0.45 Gyr ago. The starbursts have a 
ide range in mass fraction ( ≈0.06–0.94). The fitted SFH properties,
etallicity levels, A V and reduced chi-squared 8 of the maximum 

ikelihood posterior sample spectrum are reported in Table 5 and 
iscussed in the following sections. All fitted SFHs and metallicity 
volution are plotted in Appendix C . 

Fig. 6 shows an example fit. In the top panel, the posterior best-
tting spectrum (orange) provides a visibly good fit to the observed
SB-region-stacked MaNGA spectrum (black), as is also seen by 

he small and normally distributed fitting residuals in the middle 
anel and the near unity reduced chi-squared. The posterior spectrum 

ontains the median physical model spectrum (blue) and the additive 
MNRAS 528, 4029–4052 (2024) 
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Figure 5. Comparing the spectral fitting performance of the constant (blue) and the two-step (orange) metallicity models applied to a mock PSB spectrum 

generated from an SPH merger simulation (Fig. 4 ). The spectrum is split into two rows for clarity. In each row, the main panel shows the input mock spectrum 

(black) and the best-fitting spectra from the two metallicity models (blue and orange). The lower panels show the fitting residuals, residuals smoothed by a 
mean boxcar of width 11 pixels, the GP noise contribution to each metallicity models’ best-fitting spectral model, respectively. The orange GP noise curve has a 
much smaller amplitude compared to the blue curve and largely lies along the black dashed line. All y -axes have the same units. The vertical grey bars indicate 
masked regions where emission lines would appear in the MaNGA data. Coloured bars mark the wavelengths of common spectral indices. Root mean square 
residuals of the maximum likelihood posterior sample spectrum (including GP noise) for both fits are also shown. The two-step model achieves a better fit of 
the SPH PSB mock, particularly in the spectral regions of the calcium H + K lines and iron and magnesium metallicity indices. 
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P noise component (bottom panel). The latter does not exhibit an
 v erall slope and has amplitude comparable to the observational un-
ertainty scaled by the posterior median uncorrelated noise amplitude
dark blue dashed line), which are signs of a well behaved model. In
he top panel, the physical spectrum is further separated to show dust-
ttenuated light contributions from the starburst (lime) and the older
omponents (red). The split is placed at the time of minimum SFR
etween the old population and the starburst. This PSB has a burst
ass fraction of f burst = 0 . 24 + 0 . 05 

−0 . 03 , and burst age of t burst = 0 . 61 + 0 . 12 
−0 . 03 

yr, leading to a light contribution from the starburst that dominates
arginally o v er the more massiv e older population in the red end of

he optical spectrum, but more significantly at bluer wavelengths. 
NRAS 528, 4029–4052 (2024) 

e

.1 Most PSBs increase in stellar metallicity during starbursts 

n Fig. 7 we present the fitted posterior median metallicity levels
efore and after the starburst with 1 σ contours to indicate posterior
ncertainties. Most PSBs (31/45, 69 per cent) lie abo v e the diagonal
onstant metallicity line at > 1 σ (20/45, 44 per cent at > 3 σ ),
ndicating these PSBs experienced a significant increase in stellar

etallicity during the starburst, many of which increased to 5 × the
riginal metallicity (galaxies lying abo v e the upper dotted line). A
maller fraction (4/45, 9 per cent) of PSBs are found to instead drop
n metallicity at > 1 σ (1/45, 2 per cent at > 3 σ ), while the remaining
ortion (10/45, 22 per cent) have constant metallicity within the 1 σ
rrors (24/45, 53 per cent within 3 σ ). 
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Figure 6. Example of a fitted stacked MaNGA spectrum and the contributing components (10838-1902, the top galaxy in Fig. 1 ). Top : The stacked observed 
spectrum created by combining only spaxels classified as PSB (black), the posterior best-fitting spectrum and its distribution (orange line and orange shaded 
region), which includes contribution both from the physical model and GP noise. The physical model (blue) can be separated to show light contributions from 

the starburst (lime and lime shaded region) and the older components (red and red shaded region). The reduced chi-squared value of the maximum likelihood 
posterior sample spectrum (including GP noise), χ2 

ν , is shown. Middle : The fitting residual (orange), defined as the observed stacked spectrum (black curve) –
posterior best-fitting spectrum (orange curve). The light blue line and the blue dashed line show the input observational uncertainty before and after scaling by 
the fitted noise scaling factor s , respectively. An increase of around × 3–5 is typically required. Bottom : The fitted GP noise component and its distribution in 
orange, with blue curves as above. The majority of the fitted GP noise flux lies below the scaled observational uncertainty (blue dashed) and there is no obvious 
global trend, thus, this galaxy is recognized as a good fit. Note that y-axes have the same units, but the three panels vary in scaling. In all panels, vertical grey 
bands indicate regions masked due to skyline residuals, strong nebular emission lines or Balmer infilling. 

Figure 7. Pre-burst and post-burst median posterior stellar metallicities of PSB regions in MaNGA galaxies. The right panel is a zoomed-in view of the region 
bound by red dashed lines in the left panel. PSBs with a less dominating burst light fraction (posterior median f burst, L < 0.9) are shown in magenta dots, 
otherwise in dark green triangles. The contours correspond to 1 σ regions (enclosing the top 39.3 per cent of marginalized posterior probability), highlighting 
estimation uncertainties and degeneracies. The dashed black diagonal line marks constant stellar metallicity, while the dotted lines mark a 5 × and 0.2 × change 
in metallicity. Most PSB regions are found to increase in stellar metallicity during the starbursts. 
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Figure 8. Stellar mass–metallicity relations of PSB regions both before (upper left), during the starburst (upper right) and o v erall mass-weighted (bottom left). 
PSBs with a less dominating burst light fraction (posterior median f burst, L < 0.9) and a higher burst light fraction (posterior median f burst, L ≥ 0.9) are marked with 
dots and triangles, respectively. All values are plotted against the estimated stellar mass of the whole galaxy from the NSA catalogue. Stellar mass–metallicity 
relations from the literature are also plotted for comparison, as indicated in the legends. The dashed black lines mark the 16th and 84th percentiles from Gallazzi 
et al. ( 2005 ). The bottom right panel compares the difference between o v erall mass-weighted and pre-burst metallicity and the difference between passive and 
star-forming relations from the literature. The PSB pre-burst metallicity are found to agree with the Peng, Maiolino & Cochrane ( 2015 ) star-forming relation, 
while the o v erall mass-weighted metallicity agrees with the Peng, Maiolino & Cochrane ( 2015 ) passive relation, suggesting the PSB phase can explain the wide 
gap between the two literature relations. 
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Since estimating properties of the older stellar population is
sually more challenging, the pre-burst stellar metallicity tends to
ave larger uncertainty. This uncertainty further increases where
SBs are found to have high burst light fractions ( f burst, L ) due to
eavy outshining of the older population’s light contribution. We
ave therefore separated the sample at f burst, L = 0.9 (calculated by
nte grating o v er the full fitted wavelength range) in Fig. 7 . The
bjects with high burst light fraction are seen to cluster around
he line of constant metallicity (thick dashed line) but with large
ncertainty, consistent with no change in metallicity being the a
riori assumption given by the two-step metallicity model with
ndependent and identical priors on metallicities. Excluding these
3, the proportion of PSBs that experience a net positive change in
tellar metallicity at > 1 σ is 82 per cent (27/33). 
NRAS 528, 4029–4052 (2024) 

l  
.2 A reco v ered mass–metallicity relation, both before and 

fter starburst 

s re vie wed in Section 1 , the MZ relation has been used in the
iterature to infer the dominant quenching time-scales that build up
he red-sequence. It is interesting to compare the stellar mass and

etallicity properties of our sample of PSBs to the MZ relation of
ocal star-forming and quiescent galaxies, as the nature of PSBs being
ound soon after rapid quenching can provide insight into the impact
f these quenching processes on chemical evolution. 
The top left panel of Fig. 8 shows our PSB sample’s stellar mass–
etallicity relation before the starburst occurred. Also shown are

he MZ relations from three studies of local galaxies: star-forming
DSS galaxies, mass-weighted (Panter et al. 2008 ); SDSS, all types,

ight-weighted (Gallazzi et al. 2005 ); star-forming and passive SDSS
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alaxies, light-weighted (Peng, Maiolino & Cochrane 2015 ). 9 Our 
SBs broadly follow the known MZ relation where metallicity 

ncreases with mass, especially when we consider only the more 
eliable lower burst light fraction galaxies (magenta dots). This 
ndicates that prior to the starburst, the PSB progenitors are consistent 
ith being drawn from the underlying star-forming population, 

xhibiting no atypical chemical properties. 
The top right panel of Fig. 8 shows our PSB sample’s stellar
etallicity during the starburst, which shows no observable corre- 

ations with total stellar mass, suggesting starbursts disrupt the MZ 

elation. In the bottom left panel, we show the o v erall mass-weighted
tellar metallicity of the PSBs, which exhibit a remarkable agreement 
ith the light-weighted mass–metallicity relation of passive galaxies 

rom Peng, Maiolino & Cochrane ( 2015 ). It is remarkable since local
SBs, being only recently quenched quiescent galaxies, might not be 
xpected to be representative of the galaxy population at z = 0. The
ifference between mass-weighted and light-weighted MZ relations 
hould not affect our conclusions, since the difference is minor for
uiescent galaxies (Trussler et al. 2020 ). 
In the bottom right panel of Fig. 8 we compare the differ-

nce between o v erall mass-weighted metallicity and the pre-burst 
etallicity, with the difference between passive and star-forming 

alaxies from Peng, Maiolino & Cochrane ( 2015 ). In both cases the
ifferences decrease with increasing M ∗. The matching trends point 
owards the PSB phase as a valid process that can create the large gap
ound between the star-forming and passive MZ relations reported 
n the literature. The implications are discussed in Section 6 . 

 DISCUSSION  

ur results show that most PSBs in our sample underwent an increase
n stellar metallicity during the starburst phase, some very substan- 
ially. This indicates that the effect of stellar enrichment from the 
apid recycling of gas during multiple rapid generations of star for-
ation usually outweighs the combined effects of metal dilution from 

as inflow and metal removal via outflow. In this section, we draw
ogether studies from the literature to explain the metallicity changes 
e observe in PSB galaxies, and discuss the implications of our re-

ults for the role of PSB galaxies in galaxy evolution more generally.

.1 On the implications of our results for the origin of PSBs 

alaxy mergers have been a popular suggested trigger for local PSBs,
upported by the large fraction of faint tidal features or companion 
alaxies (Zabludoff et al. 1996 ; Chang et al. 2001 ), high shape
symmetry (P a wlik et al. 2016 ; Wilkinson et al. 2022 ), neural net-
ork determined post-merger classification (Wilkinson et al. 2022 ), 

nd unusual features in high spatial resolution images (Sazonova 
t al. 2021 ). Recent mergers also exhibit a higher fractions of PSBs
han non-merging galaxies (Ellison et al. 2022 ; Li et al. 2023 ).
bserv ationally, a lo wering of gas-phase metallicity is observed in 
oth starbursts and pairs of interacting galaxies (K e wley, Geller &
arton 2006 ; Ellison et al. 2008 ; Rupke, Veilleux & Baker 2008 ),
pparently in contradiction to the results in this study. We explore 
his further below. 

Simulations demonstrate how the disruption of the gravitational 
otential caused by a galaxy merger leads to strong torques that can
rive a rapid gas inflow to the central regions, compress it and fuel
 We note that the Peng, Maiolino & Cochrane ( 2015 ) metallicity estimates are 
rom Gallazzi et al. ( 2005 ), but split into star-forming and passive populations. 

c  

p  

c  
 strong starburst (Barnes & Hernquist 1991 , 1996 ). Forward mod-
lling of these simulations have consistently shown this to be a reli-
ble way to create galaxies with PSB spectral features and morpholo-
ies (Bekki et al. 2005 ; Wild et al. 2009 ; Snyder et al. 2011 ; Davis
t al. 2019 ; P a wlik et al. 2019 ; Zheng et al. 2020 ). Comparatively
ewer studies have focused on the chemical evolution of galaxies 
uring gas-rich merger-induced starbursts. Since the outer regions of 
 star-forming galaxy are typically more metal-poor (e.g. Matteucci 
 Francois 1989 ; Zaritsky, Kennicutt & Huchra 1994 ), the inflow of

ubstantial gas driven by the disrupted gravitational potential would 
ead to a net decrease in central stellar metallicity, so long as the
mpact of stellar enrichment from the starburst is sufficiently weak. 

Initial hydrodynamic simulation studies found that gas funnelling 
vents initially decrease the central gas-phase metallicity by diluting 
he e xisting relativ ely high metallicity gas, smoothing the ne gativ e
adial metallicity gradients common to most star-forming galaxies 
Perez et al. 2006 ; Rupke, K e wley & Barnes 2010 ; Lah ́en et al. 2018 )
n agreement with the lowered gas-phase metallicity observed in local 
nteracting and starburst galaxies. Torrey et al. ( 2012 ) conducted
nsembles of SPH simulations of major merging pairs of star-forming 
alaxies, finding that the change in stellar metallicity during the 
esulting starburst depends on the gas fractions of the progenitor 
alaxies: progenitors with low gas mass fractions tend to decrease 
tellar metallicity due to strong dilution from inflowing metal-poor 
as during the merger, while progenitors with higher gas mass 
ractions tend to increase in stellar metallicity due to the stronger
tarburst and greater stellar enrichment. Perez, Michel-Dansac & 

issera ( 2011 ) found that gas-rich mergers drive a net increase in gas-
hase metallicity of comparable magnitude to Torrey et al. ( 2012 ),
hough mainly caused by rapid increases in SFR due to fragmentation
f the discs before merger-driven inflow occurs. 
On the other hand, the more modern simulated major mergers from

heng et al. ( 2020 ) used in this work produce metallicity increases
ith only a weak trend with gas mass fractions. Orbits that produce

tronger starbursts induce stronger metallicity enhancements, and 
inor mergers require higher gas fractions to achieve the same 

trength of starburst and therefore metallicity enhancement. Results 
re sensitive to the AGN feedback prescription used, as this impacts
he strength of the starburst. Evidently there is scope for further
imulation work on the chemical evolution of galaxies during 
as-rich merger induced starbursts, to understand the impact of 
esolution, code type, AGN, and chemical evolution modelling on the 
nal properties of the descendants. The further development of semi- 
nalytic models (e.g. Molero, Matteucci & Ciotti 2023 ), for the spe-
ific case of low redshift elliptical formation, may also pro v e fruitful.

Gas-rich galaxy mergers are not the only plausible cause of PSB
alaxies in the local Universe. Ram-pressure stripping in dense 
alaxy clusters can compress the cold interstellar gas reservoir (Lee 
t al. 2017 ), potentially leading to enhanced star formation in affected
alaxies (Vulcani et al. 2020 ; Roberts et al. 2022 ), followed by rapid
uenching (Poggianti et al. 2019 ; Werle et al. 2022 ). Although ini-
ially identified in clusters (Dressler & Gunn 1983 ), it is important to
ote that PSBs are predominantly located in field environments (e.g. 
lake et al. 2004 ; Quintero et al. 2004 ; Goto 2005 ; Wild et al. 2009 ;
 a wlik et al. 2018 ). The precise enhancement in the fraction of PSBs

n dense clusters is still debated and may depend critically on redshift,
tellar mass, and cluster and PSB selection methods (e.g. Poggianti 
t al. 2009 ; Vergani et al. 2010 ; von der Linden et al. 2010 ; So-
olo vsk y et al. 2018 ; Paccagnella et al. 2019 ; Wilkinson et al. 2021 ).

Interestingly, lower stellar mass galaxies that are undergoing ram- 
ressure stripping are found to have ele v ated gas-phase metallicities
ompared to galaxies in both field and cluster environments of the
MNRAS 528, 4029–4052 (2024) 
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ame mass (Franchetto et al. 2020 ), which might be a result of the
ncreased stellar enrichment from ram-pressure compression without
 significant dilution effect from metal-poor gas inflow. This would
roduce a rise in metallicity after a starburst, at least qualitatively
imilar to the metallicity increase seen in the majority of our PSB
ample. 

To in vestigate further , we cross-matched our final sample of 45
ell-fitted PSBs with the GEMA-VAC cluster catalogue (Argudo-
ern ́andez et al. 2015 , version DR17), finding 11/45 to be members
f rich clusters (member galaxies > 100). This is around twice as
igh as a control sample (12.9 per cent) of galaxies from MaNGA
R17 matched in total stellar mass and D 4000 stellar index at 1R e 

MaNGA-Pipe3D; Lacerda et al. 2022 ; S ́anchez et al. 2022 ; for D 4000 ,
ee Bruzual 1983 ). Ho we ver, we do not find any observable difference
n the metallicity change and post-burst metallicity distributions of
SBs that are within rich clusters, compared to those that are not.
dditionally, the PSBs and controls showed no significant difference

n their distribution of local density as defined by the projected
ensity to the fifth nearest neighbour (two-sample Kolmogorov–
mirnov test p = 0.77). Therefore, the importance of environmental
rocesses are unclear from our present sample. 
While we find that the majority of PSBs in our sample have

ndergone significant increases in metallicity, a small number have
xperienced a metallicity drop. The most straightforward cause of
 metallicity drop is strong inflow by metal-poor gas, with the
nflow triggering a starburst that either produces not enough metals
o counteract the effects of dilution, or the metals produced were
referentially expelled by outflows (Chisholm, Tremonti & Leitherer
018 ). Ho we ver, in Fig. 8 the galaxies that experienced a metallicity
rop are also the most massive. Since outflows are more effective at
uppressing chemical enrichment at lower stellar mass (Tremonti
t al. 2004 ; Chisholm, Tremonti & Leitherer 2018 ; Maiolino &
annucci 2019 ), the expelling of metals by outflows is likely not

he main explanation for the metallicity decrease. We verified that
here was no systematic correlation between the change in metallicity
nd size of the PSB regions, either in absolute size or relative to
 e , as might occur if the different patterns in metallicity evolution
ere caused by notably different merger types, or different processes

ntirely. The uncertainty in the simulations means that we cannot rule
ut mergers as a plausible trigger for either sets of PSBs. 

.2 On the implications of our results for quenching pathways 

he evolution of stellar metallicity of galaxies has the potential to
rovide insight into the relative importance of different proposed
uenching mechanisms. Peng, Maiolino & Cochrane ( 2015 ) mea-
ured the MZ relation of star-forming and passive galaxies from
DSS, finding passive galaxies to be significantly more metal rich

han star-forming galaxies with the same total stellar mass, with the
ap widening for lower mass galaxies (see Fig. 8 , lower right). The
uthors conclude the large MZ gap rejects quenching mechanisms
hat act on short time-scales as a major contributor in quenching.
hey argue this is because rapid quenching would prevent significant

ncrease in stellar metallicity as galaxies become passive, predicting
ittle to no MZ gap, which is inconsistent with their observations. In-
tead, they fa v our slower mechanisms such as the strangulation of gas
nflo w, which allo ws for quenching galaxies to increase their metal-
icity from the star-forming MZ to the passive MZ through stellar
nrichment, given enough time. Trussler et al. ( 2020 ) largely agrees
ith Peng, Maiolino & Cochrane ( 2015 ), but additionally proposes

jection of gas through outflows to play a minor role in quenching. 
NRAS 528, 4029–4052 (2024) 
Ho we ver, Fig. 8 sho ws a good agreement between the metallicity
volution of our sample of PSBs and the star-forming-passive MZ
ap. This indicates that the PSB phase, with relatively short starburst
nd rapid quenching that follows, is sufficient to provide the observed
etallicity enhancement as galaxies mo v e from the blue cloud onto

he red sequence. Our results suggest long-term processes such as
tarvation are not the only viable pathways to explain the MZ gap as
as previously been suggested. 

This result has global implications for galaxy evolution. Studies
f the evolving stellar mass function of the red sequence have found
t to grow rapidly during z > 1 (e.g. Ilbert et al. 2013 ; Muzzin et al.
013 ), but the growth slowed or stalled by z = 1 (Ilbert et al. 2013 ;
owlands et al. 2018a ). Therefore, a large fraction of the present-
ay red sequence likely quenched prior to z = 1, Evidence from both
bservations (e.g. Wild et al. 2009 , 2016 , 2020 ; Whitaker et al. 2012 ;
elli, Newman & Ellis 2019 ; Taylor et al. 2023 ) and simulations (e.g.
odr ́ıguez Montero et al. 2019 ; W alters, W oo & Ellison 2022 ; Zheng
t al. 2022 ) have suggested that PSBs and rapidly-quenched galaxies
ould contribute significantly to the growth of the red-sequence at z
 0.5. Hence, a significant fraction of the local red sequence may

av e arriv ed there following a PSB phase. Making the leap that
ur local PSBs are likely undergoing similar chemical evolution to
hat experienced by PSBs at z > 1, we thus conclude that short
ived starbursts followed by rapid quenching might be a significant
ontributor to the observed MZ gap in local galaxies. 

Aside from slow-quenching through strangulation, other explana-
ions for the gap in the local MZ relations between star-forming and
assiv e galaxies hav e been proposed. Employing a ‘leak y box’ ana-
ytical model of chemical evolution, Spitoni, Vincenzo & Matteucci
 2017 ) modelled the two MZ relations and gas mass fractions of
he star-forming galaxies to suggest that galaxies on the passive MZ
elation might have assembled earlier, have shorter formation time-
cales and experienced weaker or less efficient outflows than star-
orming galaxies of the same stellar mass. Trussler et al. ( 2020 ) noted
hat a faster gas accretion time-scale in passive galaxies could lead
o a result similar to the shut-off of gas inflow in their strangulation
ypothesis, supporting their slow-quenching picture. Our results do
ot directly provide evidence for or against the idea that the shorter
ssembly time of slow-quenching galaxies could lead to enhanced
tellar metallicity once they enter quiescence, when compared to
tar-forming galaxies of the same stellar mass. Ho we ver, our results
o show that the abo v e galaxy evolution pathway is not the only valid
athway resulting in passive galaxies that are more metal rich. 
More recently, Zibetti & Gallazzi ( 2022 ) drew connections to

he local stellar mass surface density ( μ∗) to explain the observed
ap in the MZ relations through investigating spatially resolved
roperties of galaxies in the CALIFA IFS surv e y. The study identified
 single positive relation between stellar metallicity and μ∗, and
oncluded that the higher global MZ relation in passive galaxies
esulted simply from a lack of low mass surface density regions in
hese galaxies. These results are qualitatively similar to those found
n an independent MaNGA sample from Neumann et al. ( 2021 ), and
re in agreement with relationships found between μ∗ and stellar
etallicity (Barrera-Ballesteros et al. 2017 ) and between μ∗ and

as-phase metallicity (Gonz ́alez Delgado et al. 2014 ). 
The picture presented in Zibetti & Gallazzi ( 2022 ) is consistent

ith our results and previous work on PSBs. The central starburst
hat precedes quenching in most PSBs likely enhances the local
tellar mass surface density, leading to more compact structure (e.g.
ellons et al. 2015 ). Indeed, PSBs are generally found to be more

ompact than star-forming and quiescent galaxies of the same redshift
nd stellar mass (Yano et al. 2016 ; Almaini et al. 2017 ; Maltby
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t al. 2018 ; Wu et al. 2018 ; Chen et al. 2022 ; Setton et al. 2022 ).
n addition, enhanced stellar surface mass density is expected to 
nhance local stellar metallicity through a combination of higher 
ravitational potential (Barone et al. 2018 , 2020 ) and a larger integral
f the local SFH (Zibetti & Gallazzi 2022 ), but the relationship’s
ependence on the shape of the SFH is unclear. Combining with our
esults showing that the PSB phase leads to a significant increase 
n stellar metallicity in most galaxies, a period of central starburst
ollowed by rapid quenching can lead to the different distributions 
n stellar surface mass density and local stellar metallicity between 
ounger and older regions found in Zibetti & Gallazzi ( 2022 ). 

.3 On the implications of our results for the chemical 
volution of starbursts 

revious detailed theoretical work on the impact of bursty star 
ormation on metallicity, and chemical abundance patterns more 
enerally, has focused on local and relatively weak fluctuations in 
tar formation rate, as might have occurred within regions of the 

ilky Way. On small scales, such as within the solar neighbourhood 
r within dwarf galaxies such as the Magellanic clouds, periods 
f increased efficiency of star formation (i.e. ε = SFR/M gas ) will 
ead to an increase in metallicity due to gas recycling and stellar
nrichment (e.g. Weinberg, Andrews & Freudenburg 2017 ; Johnson 
 Weinberg 2020 ). Ho we ver, on global galaxy-wide scales, evidence

or substantial enhancements in star formation efficiency in starbursts 
s still unclear, with inferred differences potentially driven by 
ncertainties in which CO-to-H 2 conversion factor to assume in 
ifferent galactic environments [see Kennicutt & Evans ( 2012 ) for a
e vie w and Tacconi et al. ( 2018 ) for a summary of rele v ant results]. 

We might expect the super-solar metallicity starbursts that we infer 
ccurred in the recent past history of our PSB sample to be visible
n analyses of the gas-phase mass–metallicity relation. The SFR 

ependence of the mass–metallicity relation for star-forming galaxies 
as been much debated in the past decade. Barrera-Ballesteros et al. 
 2017 ) use a sample of spatially resolved MaNGA galaxies to argue
or no dependence of the MZ relation on star formation rate, and in
articular there is no noticeable increase in metallicity at high sSFR
n their data. Ho we ver, our sample will represent < 1 per cent of
he star forming population so will not be captured in large numbers
n blind surv e ys. Previous studies hav e suggested e xtreme LIRGs
r ULIRGs in the local Universe as progenitors to local PSBs, with
IRGs and ULIRGs having similarly low number densities (Hopkins 
t al. 2008 ; Cales et al. 2011 ; French et al. 2015 ; P a wlik et al. 2018 ).
he metallicity of such extreme starbursts is very difficult to estimate 
ue to dust obscuration. A recent study by Chartab et al. ( 2022 ) used
id IR strong line metallicity diagnostics to show that gas in local
LIRGs is not metal deficient as previously reported using standard 
ptical line diagnostics. The difference arises due to dust obscuring 
he more metal enhanced star forming regions, and places ULIRGs 
rmly on the local MZ relation. Further work is clearly needed to
erify whether super solar gas can be identified robustly in extreme 
tarburst regions of local galaxies. 

We searched for correlations between the stellar metallicity evolu- 
ion and SFH in our PSB sample, which could further elucidate any
elations between starburst properties and chemical e volution. Ho w- 
ver, the potential for sample selection effects to impact observed 
elations made it difficult to draw firm conclusions, and we therefore 
eave this to future work. 
.4 Caveats and additional checks 

here are a number of caveats that are worth keeping in mind with
egards to our study. The most important are the fact that we fit only
he spatially resolved pre-selected PSB regions of the galaxies, and 
election effects imposed by our selection of PSB spaxels. 

We chose to fit only the PSB regions in the galaxies in order to sim-
lify the SFH of the inte grated spectrum, impro ving the accurac y of
ur results for these regions. By selection these regions are centrally
ocated, and therefore represent the majority of light and mass in the
alaxy, but some are more inclusive of the entire galaxy than others.
ystematic correlations between the spatial extent of the PSB regions 
nd a number of fitting galaxy properties are found in our sample. In
articular, galaxies with larger PSB regions tend to have lower burst
ass fractions but more rapid quenching, while those with smaller 
SB re gions hav e an ev en spread across the whole prior range.
urther work is needed to explore the relation of these regions to the
ider galaxy, and whether there are correlations between chemical 

volution and the PSB spatial extent, particularly in the context of
ocal stellar mass surface density as discussed in Section 6.2 . 

To consider selection effects introduced by our PSB classification 
cheme (Section 2 ), we calculate the theoretical selection fraction 
f galaxy models within our prior space as a function of parameters
f interest. This is done by first randomly drawing 10 6 mock galaxy
odels from the assumed SFH and metallicity priors, constructing 
ock spectra and measuring the spectral features H δA and W(H α).
he fraction of mocks classified as PSB through our classification 
cheme is taken as the theoretical selection fraction. Although we 
ound slight selection trends in a variety of physical properties (e.g.
oth older, weaker bursts and younger, slower decay bursts are less
ikely to be selected as PSBs), they were not consistent with causing
ny of the metallicity results presented here. 

Minor degeneracies between SFH properties and post-burst metal- 
icity are observed but do not qualitatively affect our results. We
bserved that for around half of the sample, post-burst metallicity 
s degenerate to a small extent with burst age ( t burst ) and burst

ass fraction ( f burst ), where fitted models with an earlier, stronger
tarb urst b ut lower post-b urst metallicity, or models with a later,
eaker starburst but higher post-burst metallicity have high posterior 
robabilities. Ho we v er, the de generac y is weak and are accounted
or in the uncertainties of metallicity estimations shown in Figs 7
contours) and 8 (error bars). Therefore, these degeneracies do not 
ualitati ve af fect our conclusions. We do not see an y de generacies
etween any metallicity measurements with dust properties, velocity 
ispersion and redshift. 
While alpha enhanced SSPs are available for older stellar pop- 

lations (e.g. ALF; Conroy & van Dokkum 2012 ; Conroy et al.
018 ), and have been directly compared to BAGPIPES (Carnall et al.
022 ), these models are not suitable for young or intermediate age
 � 1 Gyr) stellar populations as found in our galaxies. The stellar
opulation synthesis models we used do not include alpha-enhanced 
SPs, and in this work we rely on the GP noise component to
odel out systematic uncertainties from spectral features related 

o alpha elements. To investigate this further we compared Mg 
nd Fe absorption line indices measured from the stacked observed 
pectrum with those measured from our best-fitting physical models 
without GP noise), for all 45 well-fitted PSBs. We found that [ α/Fe]
ensitive indices were substantially different in some cases, while 
Fe/H] sensitive indices were relatively unchanged. This provides 
onfidence that our metallicity estimates are not impacted by the lack
f alpha enhancement in our models. In addition, we observe that
SBs with the strongest measured alpha enhancements were fitted 
MNRAS 528, 4029–4052 (2024) 
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ith stronger GP noise corrections in the Mg absorption features,
ndicating that the GP noise component is ef fecti v ely remo ving
he model-data mismatch stemming from alpha element spectral
eatures. We conclude that the lack of alpha enhanced SSPs do not
ffect our measurements of stellar metallicity. 

We note that our stellar metallicity estimates are limited by the
etallicities of the stellar population synthesis models, which has an

pper limit of Z ∗/Z � ∼ 3.52. A number of our PSB’s post-burst metal-
icity estimates are close to this upper limit (see Fig. 7 ). Although this
s a potential issue for the accuracy of properties estimated for these
SBs, since the upper limit act to restrict the magnitude of metallicity

ncrease during the starburst and subsequent rapid-quenching, our
etallicity results cannot be caused by this limit. 
As shown in Fig. 1 , we do not apply any cut on inclination during

ample selection and both edge-on and face-on PSBs are included
n our sample. To verify the effect of inclination on our results, we
xtract the 2D Sersic fit axis ratio (b/a) from the NSA catalogue
Blanton et al. 2011 ), and found insignificant systematic correlations
ith our fitted galaxy properties in all cases ( p > 0.05; Spearman

anked correlation test). 

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

hrough selecting and stacking the PSB regions of 50 central PSB
alaxies from the MaNGA IFS surv e y, we fit the resulting high
NR > 100 stacked spectra with the Bayesian SED fitting code
AGPIPES . Taking inspiration from a suite of binary gas-rich merger
imulations that created mock PSBs, we implemented a two-step
etallicity evolution model where stars formed before and during

he starburst are allowed independent metallicities. We reduced
he computational time to fit the high SNR spectra by a factor
f 100, by replacing the original GP kernel used in BAGPIPES

ith a stochastically driven damped simple harmonic oscillator
SHOTerm), implemented through the celerite2 code. After
areful verification of our fitting procedure through ensembles of
self-consistent’ and simulation-based parameter reco v ery tests, we
pplied our model to the stacked spectra of MaNGA PSB regions to
btain 45 well-fitted results, where for the first time, the metallicity
volution of PSB galaxies with rapid SFH changes can be directly
easured. Our results lead to the following main conclusions: 

(i) A majority (31/45, 69 per cent) of the PSB regions of galaxies
ormed significantly more metal-rich stars during the starburst than
efore (average increase = 0.8 dex with standard deviation =
.4 dex), while a smaller number of PSB regions formed stars of
qual or lower metallicity (Fig. 7 ). This suggests mechanisms that
ubstantially raise stellar metallicity play important roles in the origin
f PSBs: the effects of metal enrichment through stellar recycling
utweigh those from dilution by gas inflow and metal removal by
utflows. 
(ii) This rise in metallicity during the starburst is consistent with

imulations of gas rich mergers, agreeing with previous results that
ergers are the leading cause of low redshift PSBs. However, we

ote that there is some disagreement on the impact of mergers on
hemical enrichment in simulations, and more work needs to be done
o corroborate the results from the Zheng et al. ( 2020 ) simulations
sed here. 
(iii) A good agreement is found between the PSBs’ pre-burst
etallicity and star-forming mass–metallicity relations from the

iterature (Fig. 8 , top left). This is consistent with PSBs being drawn
rom the underlying population of star-forming disk galaxies as
xpected. 
NRAS 528, 4029–4052 (2024) 
(iv) The PSBs’ final mass-weighted mass–metallicity relation
atches the local passive mass–metallicity relation. This suggests

hat the stellar metallicity evolution caused by rapid quenching
ollowing a starburst is entirely consistent with the observed gap
n the stellar mass–metallicity relations between local star-forming
nd passive galaxies. Our results further validate the idea that rapid
uenching following a starburst phase may be an important contribut-
ng pathway to the formation of the local quiescent galaxy population.

In this study we have focused on galaxies with central PSB
eatures. Further work will be required to understand the importance
f these features’ spatial extent and how they compare to galaxies
ith other PSB spatial distributions (e.g. ringed and irregular PSBs,
hen et al. 2019 ). The measurement of alpha enhancement in PSBs
an allow for more precise timing of their starburst and quenching.
lthough difficult to obtain for recently quenched systems, alpha

nhancement might be detectable in PSBs with older starbursts,
or instance through the methods of Conroy et al. ( 2018 ). Lastly,
urther simulation work on the chemical evolution of galaxies
uring starbursts and rapid quenching is required, to understand the
ffects of AGN, shocks, stellar feedback, mergers/interactions, and
nvironments on chemical evolution. 

C K N OW L E D G E M E N T S  

e thank the referee for suggestions that impro v ed the paper. We
hank Dan F oreman-Macke y, Kartheik Iyer, and Joel Leja for their
ssistance in using celerite2 , Dense Basis , and Prospec-
or , respectively. We thank Justus Neumann and Yingjie Peng for
roviding data. We also thank Justin Otter, Kate Rowlands, and
mar Almaini, and others in the UDS/PSB collaboration for useful
iscussions and insightful feedback. We thank Natalia Lah ́en for
eedback on the manuscript. We thank Laith Taj Aldeen for verifi-
ation of fitting methods. VW and NFB acknowledge support from
cience and Technologies Facilities Council (STFC) consolidated
rant ST/V000861/1. PHJ acknowledges support from the European
esearch Council via ERC Consolidator Grant KETJU (no. 818930).
-HL thanks Alfie Russell and Sahyadri Krishna for assistance in

anguage and phrasing. 
Funding for the Sloan Digital Sky Survey IV has been provided

y the Alfred P. Sloan Foundation, the U.S. Department of Energy
ffice of Science, and the Participating Institutions. 
SDSS-IV acknowledges support and resources from the Center for

igh Performance Computing at the University of Utah. The SDSS
ebsite is www.sdss4.org . 
SDSS-IV is managed by the Astrophysical Research Consor-

ium for the Participating Institutions of the SDSS Collaboration
ncluding the Brazilian Participation Group, the Carnegie Institution
or Science, Carnegie Mellon University, Center for Astrophysics |
arvard & Smithsonian, the Chilean Participation Group, the French
articipation Group, Instituto de Astrof ́ısica de Canarias, The Johns
opkins University, Kavli Institute for the Physics and Mathematics
f the Uni verse (IPMU)/Uni versity of Tokyo, the Korean Partic-
pation Group, Lawrence Berkeley National Laboratory, Leibniz
nstitut f ̈ur Astrophysik Potsdam (AIP), Max-Planck-Institut f ̈ur
stronomie (MPIA Heidelberg), Max-Planck-Institut f ̈ur Astro-
hysik (MPA Garching), Max-Planck-Institut f ̈ur Extraterrestrische
hysik (MPE), National Astronomical Observatories of China,
ew Mexico State University, New York Univ ersity, Univ ersity
f Notre Dame, Observat ́ario Nacional/MCTI, The Ohio State
ni versity, Pennsylv ania State University, Shanghai Astronomical
bservatory, United Kingdom Participation Group, Universidad

http://www.sdss4.org


Chemical evolution of PSBs 4047 

N  

C
U
i
U

n  

F  

(
(  

(  

(  

(
 

C
M

D

A
h
o  

g
1
S
l

R

A
A
A
A
A
A  

B  

 

B
B  

B  

B
B
B
B
B  

B
B
B
B
B
B  

B
B  

B
B  

B

B
B
B
B
B
B
C
C  

C
C  

C
C
C
C  

C
C  

C
C
C
C
C
C  

C
C  

C
C
C
C
C
C  

d
D  

D
D
E  

E  

E
F  

F
F  

F
F  

F
F
F  

F
G  

G  

G
G
G
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4029/7581991 by guest on 22 February 2024
acional Aut ́onoma de M ́exico, University of Arizona, University of
olorado Boulder, University of Oxford, University of Portsmouth, 
niversity of Utah, University of Virginia, University of Wash- 

ngton, University of Wisconsin, Vanderbilt University, and Yale 
niversity. 
Software: ASTROPY (Astropy Collaboration 2013 ), BAGPIPES (Car- 

all et al. 2018 , 2019a ), CELERITE2 (F oreman-Macke y et al. 2017 ;
 oreman-Macke y 2018 ), DENSE BASIS (Iyer et al. 2019 ), MARVIN

Cherinka et al. 2019 ), MATPLOTLIB (Hunter 2007 ), MULTINEST 

Feroz & Hobson 2008 ), NUMPY (Harris et al. 2020 ), PIPES VIS

Leung et al. 2021 ), PROSPECTOR (Johnson et al. 2021 ), PYMULTINEST

Buchner et al. 2014 ), SCIPY (Virtanen et al. 2020 ), SEABORN

Waskom 2021 ). 
For the purpose of open access, the author has applied a Creative

ommons Attribution (CC BY) licence to any Author Accepted 
anuscript version arising. 

ATA  AVA ILA BILITY  

ll utilized MaNGA data are publicly available at the SDSS database 
ttps:// www.sdss4.org/ dr17/ or through MARVIN at https://dr17.sdss. 
rg/ marvin/ . The stacked spectra and posterior samples of all 50 fitted
alaxies are available at https:// doi.org/ 10.17630/ac0b406c- 1c59- 4 
e6- 8b73- 026790a0c1ca . PYTHON scripts to recreate the figures in 
ection 5 are available at https://github.com/HinLeung622/chemica 
 evolution of PSBs scripts . 

EFER ENCES  

bdurro’uf et al., 2022, ApJS , 259, 35 
lmaini O. et al., 2017, MNRAS , 472, 1401 
rgudo-Fern ́andez M. et al., 2015, A&A , 578, A110 
splund M. , Grevesse N., Sauval A. J., Scott P., 2009, ARA&A , 47, 481 
stropy Collaboration , 2013, A&A , 558, A33 
umer M. , White S. D. M., Naab T., Scannapieco C., 2013, MNRAS , 434,

3142 
aldry I. K. , Balogh M. L., Bower R., Glazebrook K., Nichol R. C., 2004, in

Allen R. E., Nanopoulos D. V., Pope C. N., eds, AIP Conf. Ser. Vol. 743,
The New Cosmology: Conference on Strings and Cosmology. Am. Inst. 
Phys., New York, p. 106 

alogh M. L. , Navarro J. F., Morris S. L., 2000, ApJ , 540, 113 
alogh M. L. , Baldry I. K., Nichol R., Miller C., Bower R., Glazebrook K.,

2004, ApJ , 615, L101 
arclay T. , Endl M., Huber D., F oreman-Macke y D., Cochran W. D.,

MacQueen P. J., Rowe J. F., Quintana E. V., 2015, ApJ , 800, 46 
arnes J. E. , Hernquist L. E., 1991, ApJ , 370, L65 
arnes J. E. , Hernquist L., 1996, ApJ , 471, 115 
arone T. M. et al., 2018, ApJ , 856, 64 
arone T. M. , D’Eugenio F., Colless M., Scott N., 2020, ApJ , 898, 62 
arrera-Ballesteros J. K. , S ́anchez S. F., Heckman T., Blanc G. A., MaNGA

Team, 2017, ApJ , 844, 80 
ekki K. , Couch W. J., Shioya Y., Vazdekis A., 2005, MNRAS , 359, 949 
elfiore F. et al., 2019, AJ , 158, 160 
ell E. F. et al., 2004, ApJ , 608, 752 
elli S. , Newman A. B., Ellis R. S., 2019, ApJ , 874, 17 
lake C. et al., 2004, MNRAS , 355, 713 
lanton M. R. , Kazin E., Muna D., Weaver B. A., Price-Whelan A., 2011,

AJ , 142, 31 
lanton M. R. et al., 2017, AJ , 154, 28 
oardman N. , Wild V., Rowlands K., Vale Asari N., Luo Y., 2024, MNRAS ,

527, 10788 
olatto A. D. et al., 2013, Nature , 499, 450 
ond J. R. , Crittenden R. G., Jaffe A. H., Knox L., 1999, Comput. Sci. Eng. ,

1, 21 
oselli A. , Gavazzi G., 2006, PASP , 118, 517 
rewer B. J. , Stello D., 2009, MNRAS , 395, 2226 
rodie J. P. , Hanes D. A., 1986, ApJ , 300, 258 
ruzual G. , 1983, ApJ , 273, 105 
ruzual G. , Charlot S., 2003, MNRAS , 344, 1000 
uchner J. et al., 2014, A&A , 564, A125 
undy K. et al., 2015, ApJ , 798, 7 
ales S. L. et al., 2011, ApJ , 741, 106 
arnall A. C. , McLure R. J., Dunlop J. S., Dav ́e R., 2018, MNRAS , 480,

4379 
arnall A. C. et al., 2019a, MNRAS , 490, 417 
arnall A. C. , Leja J., Johnson B. D., McLure R. J., Dunlop J. S., Conroy C.,

2019b, ApJ , 873, 44 
arnall A. C. et al., 2022, ApJ , 929, 131 
everino D. , Dekel A., Bournaud F., 2010, MNRAS , 404, 2151 
hakrabarty A. , Sengupta S., 2019, AJ , 158, 39 
hang T.-C. , van Gorkom J. H., Zabludoff A. I., Zaritsky D., Mihos J. C.,

2001, AJ , 121, 1965 
hartab N. et al., 2022, Nat. Astron. , 6, 844 
hen X. , Lin Z., Kong X., Liang Z., Chen G., Zhang H.-X., 2022, ApJ , 933,

228 
hen Y.-M. et al., 2012, MNRAS , 421, 314 
hen Y.-M. et al., 2019, MNRAS , 489, 5709 
herinka B. et al., 2019, AJ , 158, 74 
hisholm J. , Tremonti C., Leitherer C., 2018, MNRAS , 481, 1690 
hoi E. , Ostriker J. P., Naab T., Johansson P. H., 2012, ApJ , 754, 125 
hoi E. , Naab T., Ostriker J. P., Johansson P. H., Moster B. P., 2014, MNRAS ,

442, 440 
icone C. et al., 2014, A&A , 562, A21 
id Fernandes R. , Mateus A., Sodr ́e L., Stasi ́nska G., Gomes J. M., 2005,

MNRAS , 358, 363 
olless M. et al., 2001, MNRAS , 328, 1039 
onroy C. , 2013, ARA&A , 51, 393 
onroy C. , van Dokkum P. G., 2012, ApJ , 760, 71 
onroy C. , Villaume A., van Dokkum P. G., Lind K., 2018, ApJ , 854, 139 
roton D. J. et al., 2006, MNRAS , 365, 11 
zekala I. , Mandel K. S., Andrews S. M., Dittmann J. A., Ghosh S. K., Montet

B. T., Newton E. R., 2017, ApJ , 840, 49 
a Cunha E. , Charlot S., Elbaz D., 2008, MNRAS , 388, 1595 
avis T. A. , van de Voort F., Rowlands K., McAlpine S., Wild V., Crain R.

A., 2019, MNRAS , 484, 2447 
ekel A. , Birnboim Y., 2006, MNRAS , 368, 2 
ressler A. , Gunn J. E., 1983, ApJ , 270, 7 
isenreich M. , Naab T., Choi E., Ostriker J. P., Emsellem E., 2017, MNRAS ,

468, 751 
llison S. L. , Patton D. R., Simard L., McConnachie A. W., 2008, AJ , 135,

1877 
llison S. L. et al., 2022, MNRAS , 517, L92 
alc ́on-Barroso J. , S ́anchez-Bl ́azquez P ., V azdekis A., Ricciardelli E., Cardiel

N., Cenarro A. J., Gorgas J., Peletier R. F., 2011, A&A , 532, A95 
eroz F. , Hobson M. P., 2008, MNRAS , 384, 449 
eruglio C. , Maiolino R., Piconcelli E., Menci N., Aussel H., Lamastra A.,

Fiore F., 2010, A&A , 518, L155 
 oreman-Macke y D. , 2018, Res. Notes Am. Astron. Soc. , 2, 31 
 oreman-Macke y D. , Agol E., Ambikasaran S., Angus R., 2017, AJ , 154,

220 
ranchetto A. et al., 2020, ApJ , 895, 106 
rench K. D. , 2021, PASP , 133, 72001 
rench K. D. , Yang Y., Zabludoff A., Narayanan D., Shirley Y., Walter F.,

Smith J.-D., Tremonti C. A., 2015, ApJ , 801, 1 
rench K. D. , Yang Y., Zabludoff A. I., Tremonti C. A., 2018, ApJ , 862, 2 
allazzi A. , Charlot S., Brinchmann J., White S. D. M., Tremonti C. A., 2005,

MNRAS , 362, 41 
allazzi A. , Bell E. F., Zibetti S., Brinchmann J., Kelson D. D., 2014, ApJ ,

788, 72 
avazzi G. , Fumagalli M., Cucciati O., Boselli A., 2010, A&A , 517, A73 
 ́omez-Guijarro C. et al., 2022, A&A , 659, A196 
onz ́alez Delgado R. M. et al., 2014, ApJ , 791, L16 
oto T. , 2005, MNRAS , 357, 937 
MNRAS 528, 4029–4052 (2024) 

https://www.sdss4.org/dr17/
https://dr17.sdss.org/marvin/
https://doi.org/10.17630/ac0b406c-1c59-41e6-8b73-026790a0c1ca
https://github.com/HinLeung622/chemical_evolution_of_PSBs_scripts
http://dx.doi.org/10.3847/1538-4365/ac4414
http://dx.doi.org/10.1093/mnras/stx1957
http://dx.doi.org/10.1051/0004-6361/201526016
http://dx.doi.org/10.1146/annurev.astro.46.060407.145222
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.1093/mnras/stt1230
http://dx.doi.org/10.1086/309323
http://dx.doi.org/10.1086/426079
http://dx.doi.org/10.1088/0004-637X/800/1/46
http://dx.doi.org/10.1086/185978
http://dx.doi.org/10.1086/177957
http://dx.doi.org/10.3847/1538-4357/aaaf6e
http://dx.doi.org/10.3847/1538-4357/ab9951
http://dx.doi.org/10.3847/1538-4357/aa7aa9
http://dx.doi.org/10.1111/j.1365-2966.2005.08932.x
http://dx.doi.org/10.3847/1538-3881/ab3e4e
http://dx.doi.org/10.1086/420778
http://dx.doi.org/10.3847/1538-4357/ab07af
http://dx.doi.org/10.1111/j.1365-2966.2004.08351.x
http://dx.doi.org/10.1088/0004-6256/142/1/31
http://dx.doi.org/10.3847/1538-3881/aa7567
http://dx.doi.org/10.1093/mnras/stad3718
http://dx.doi.org/10.1038/nature12351
http://dx.doi.org/10.1109/5992.753044
http://dx.doi.org/10.1086/500691
http://dx.doi.org/10.1111/j.1365-2966.2009.14679.x
http://dx.doi.org/10.1086/163800
http://dx.doi.org/10.1086/161352
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1051/0004-6361/201322971
http://dx.doi.org/10.1088/0004-637X/798/1/7
http://dx.doi.org/10.1088/0004-637X/741/2/106
http://dx.doi.org/10.1093/mnras/sty2169
http://dx.doi.org/10.1093/mnras/stz2544
http://dx.doi.org/10.3847/1538-4357/ab04a2
http://dx.doi.org/10.3847/1538-4357/ac5b62
http://dx.doi.org/10.1111/j.1365-2966.2010.16433.x
http://dx.doi.org/10.3847/1538-3881/ab24dd
http://dx.doi.org/10.1086/319959
http://dx.doi.org/10.1038/s41550-022-01679-y
http://dx.doi.org/10.3847/1538-4357/ac75b4
http://dx.doi.org/10.1111/j.1365-2966.2011.20306.x
http://dx.doi.org/10.1093/mnras/stz2494
http://dx.doi.org/10.3847/1538-3881/ab2634
http://dx.doi.org/10.1093/mnras/sty2380
http://dx.doi.org/10.1088/0004-637X/754/2/125
http://dx.doi.org/10.1093/mnras/stu874
http://dx.doi.org/10.1051/0004-6361/201322464
http://dx.doi.org/10.1111/j.1365-2966.2005.08752.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04902.x
http://dx.doi.org/10.1146/annurev-astro-082812-141017
http://dx.doi.org/10.1088/0004-637X/760/1/71
http://dx.doi.org/10.3847/1538-4357/aaab49
http://dx.doi.org/10.1111/j.1365-2966.2005.09675.x
http://dx.doi.org/10.3847/1538-4357/aa6aab
http://dx.doi.org/10.1111/j.1365-2966.2008.13535.x
http://dx.doi.org/10.1093/mnras/stz180
http://dx.doi.org/10.1111/j.1365-2966.2006.10145.x
http://dx.doi.org/10.1086/161093
http://dx.doi.org/10.1093/mnras/stx473
http://dx.doi.org/10.1088/0004-6256/135/5/1877
http://dx.doi.org/10.1093/mnrasl/slac109
http://dx.doi.org/10.1051/0004-6361/201116842
http://dx.doi.org/10.1111/j.1365-2966.2007.12353.x
http://dx.doi.org/10.1051/0004-6361/201015164
http://dx.doi.org/10.3847/2515-5172/aaaf6c
http://dx.doi.org/10.3847/1538-3881/aa9332
http://dx.doi.org/10.3847/1538-4357/ab8db9
http://dx.doi.org/10.1088/1538-3873/ac0a59
http://dx.doi.org/10.1088/0004-637X/801/1/1
http://dx.doi.org/10.3847/1538-4357/aacb2d
http://dx.doi.org/10.1111/j.1365-2966.2005.09321.x
http://dx.doi.org/10.1088/0004-637X/788/1/72
http://dx.doi.org/10.1051/0004-6361/201014153
http://dx.doi.org/10.1051/0004-6361/202142352
http://dx.doi.org/10.1088/2041-8205/791/1/L16
http://dx.doi.org/10.1111/j.1365-2966.2005.08701.x


4048 H.-H. Leung et al. 

M

G
G
H
H
H
H
H  

H  

H
I
I
I  

J
J
J
K
K
K  

K
K
K
L  

 

L  

L
L
L
L  

L
L
M
M  

M
M
M
M
M
M
M
N
N
N
O
O
P  

P
P  

P  

P
P  

P
P
P
P  

P

P
Q
R  

 

R
R
R  

R
R
R
R
R
S
S
S  

S  

S
S
S
S  

S  

S
S
S
S
T
T  

T
T
T  

T
T
T  

V
V
v  

V
V
W
W
W
W
W
W
W  

W
W  

W  

W  

W
W  

W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4029/7581991 by guest on 22 February 2024
raham M. T. et al., 2018, MNRAS , 477, 4711 
unn J. E. et al., 2006, AJ , 131, 2332 
anuschik R. W. , 2003, A&A , 407, 1157 
arris C. R. et al., 2020, Nature , 585, 357 
eavens A. , Panter B., Jimenez R., Dunlop J., 2004, Nature , 428, 625 
ogg D. W. et al., 2002, AJ , 124, 646 
opkins P. F. , Hernquist L., Cox T. J., Dutta S. N., Rothberg B., 2008, ApJ ,

679, 156 
u C.-Y. , Naab T., Walch S., Moster B. P., Oser L., 2014, MNRAS , 443,

1173 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 

lbert O. et al., 2013, A&A , 556, A55 
yer K. , Gawiser E., 2017, ApJ , 838, 127 
yer K. G. , Gawiser E., Faber S. M., Ferguson H. C., Kartaltepe J., Koekemoer

A. M., Pacifici C., Somerville R. S., 2019, ApJ , 879, 116 
ohansson P. H. , Naab T., Burkert A., 2009, ApJ , 690, 802 
ohnson B. D. , Leja J., Conroy C., Speagle J. S., 2021, ApJS , 254, 22 
ohnson J. W. , Weinberg D. H., 2020, MNRAS , 498, 1364 
auffmann G. et al., 2003, MNRAS , 341, 54 
elly B. C. , Sobolewska M., Siemiginowska A., 2011, ApJ , 730, 52 
elly B. C. , Becker A. C., Sobolewska M., Siemiginowska A., Uttley P.,

2014, ApJ , 788, 33 
ennicutt R. C. , Evans N. J., 2012, ARA&A , 50, 531 
 e wley L. J. , Geller M. J., Barton E. J., 2006, AJ , 131, 2004 
roupa P. , 2001, MNRAS , 322, 231 
acerda E. A. D. , S ́anchez S. F., Mej ́ıa-Narv ́aez A., Camps-Fari ̃ na A.,

Espinosa-Ponce C., Barrera-Ballesteros J. K., Ibarra-Medel H., Lugo-
Aranda A. Z., 2022, New Astron. , 97, 101895 

ah ́en N. , Johansson P. H., Rantala A., Naab T., Frigo M., 2018, MNRAS ,
475, 3934 

aw D. R. et al., 2016, AJ , 152, 83 
aw D. R. et al., 2021, AJ , 161, 52 
ee B. et al., 2017, MNRAS , 466, 1382 
eung H.-H. , Wild V., Carnall A., Papathomas M., 2021, Res. Notes Am.

Astron. Soc. , 5, 171 
i W. et al., 2023, MNRAS , 523, 720 
i Z. , French K. D., Zabludoff A. I., Ho L. C., 2019, ApJ , 879, 131 
aiolino R. , Mannucci F., 2019, A&A Rev. , 27, 3 
altby D. T. , Almaini O., Wild V., Hatch N. A., Hartley W. G., Simpson C.,

Rowlands K., Socolo vsk y M., 2018, MNRAS , 480, 381 
artig M. , Bournaud F., Teyssier R., Dekel A., 2009, ApJ , 707, 250 
artin C. L. , 1998, ApJ , 506, 222 
artin C. L. , 2005, ApJ , 621, 227 
atteucci F. , Francois P., 1989, MNRAS , 239, 885 
cCracken H. J. et al., 2012, A&A , 544, A156 
olero M. , Matteucci F., Ciotti L., 2023, MNRAS , 518, 987 
uzzin A. et al., 2013, ApJ , 777, 18 
aab T. , Burkert A., 2003, ApJ , 597, 893 
eumann J. et al., 2021, MNRAS , 508, 4844 
omoto K. , Kobayashi C., Tominaga N., 2013, ARA&A , 51, 457 
ke J. B. , Gunn J. E., 1983, ApJ , 266, 713 
nodera M. et al., 2012, ApJ , 755, 26 
accagnella A. , Vulcani B., Poggianti B. M., Moretti A., Fritz J., Gullieuszik

M., Fasano G., 2019, MNRAS , 482, 881 
acifici C. et al., 2016, ApJ , 832, 79 
anter B. , Jimenez R., Heavens A. F., Charlot S., 2008, MNRAS , 391,

1117 
 a wlik M. M. , Wild V., Walcher C. J., Johansson P. H., Villforth C., Rowlands

K., Mendez-Abreu J., Hewlett T., 2016, MNRAS , 456, 3032 
 a wlik M. M. et al., 2018, MNRAS , 477, 1708 
 a wlik M. M. , McAlpine S., Trayford J. W., Wild V., Bower R., Crain R. A.,

Schaller M., Schaye J., 2019, Nat. Astron. , 3, 440 
eng Y.-j. , Renzini A., 2020, MNRAS , 491, L51 
eng Y. , Maiolino R., Cochrane R., 2015, Nature , 521, 192 
erez J. , Michel-Dansac L., Tissera P. B., 2011, MNRAS , 417, 580 
erez M. J. , Tissera P. B., Scannapieco C., Lambas D. G., de Rossi M. E.,

2006, A&A , 459, 361 
oggianti B. M. et al., 2009, ApJ , 693, 112 
NRAS 528, 4029–4052 (2024) 
oggianti B. M. et al., 2019, ApJ , 887, 155 
uintero A. D. et al., 2004, ApJ , 602, 190 
asmussen C. E. , Williams C. K. I., 2006, Gaussian Processes for Machine

Learning, Adaptive Computation and Machine Learning. MIT Press,
Cambridge, MA 

enzini A. et al., 2018, ApJ , 863, 16 
oberts I. D. et al., 2022, ApJ , 941, 77 
odr ́ıguez Montero F. , Dav ́e R., Wild V., Angl ́es-Alc ́azar D., Narayanan D.,

2019, MNRAS , 490, 2139 
owlands K. et al., 2018a, MNRAS , 473, 1168 
owlands K. et al., 2018b, MNRAS , 480, 2544 
upke D. S. N. , Veilleux S., Baker A. J., 2008, ApJ , 674, 172 
upke D. S. N. , K e wley L. J., Barnes J. E., 2010, ApJ , 710, L156 
ybicki G. B. , Press W. H., 1992, ApJ , 398, 169 
 ́anchez S. F. et al., 2022, ApJS , 262, 36 
azonova E. et al., 2021, ApJ , 919, 134 
cannapieco C. , Tissera P. B., White S. D. M., Springel V., 2005, MNRAS ,

364, 552 
cannapieco C. , Tissera P. B., White S. D. M., Springel V., 2006, MNRAS ,

371, 1125 
chawinski K. et al., 2014, MNRAS , 440, 889 
etton D. J. et al., 2022, ApJ , 931, 51 
mee S. A. et al., 2013, AJ , 146, 32 
nyder G. F. , Cox T. J., Hayward C. C., Hernquist L., Jonsson P., 2011, ApJ ,

741, 77 
ocolo vsk y M. , Almaini O., Hatch N. A., Wild V., Maltby D. T., Hartley W.

G., Simpson C., 2018, MNRAS , 476, 1242 
pitoni E. , Vincenzo F., Matteucci F., 2017, A&A , 599, A6 
pringel V. , 2005, MNRAS , 364, 1105 
trate v a I. et al., 2001, AJ , 122, 1861 
uess K. A. et al., 2022, ApJ , 935, 146 
acconi L. J. et al., 2018, ApJ , 853, 179 
aylor E. , Almaini O., Merrifield M., Maltby D., Wild V., Hartley W. G.,

Rowlands K., 2023, MNRAS , 522, 2297 
insley B. M. , 1980, Fund. Cosmic Phys. , 5, 287 
oft S. et al., 2014, ApJ , 782, 68 
ojeiro R. , Heavens A. F., Jimenez R., Panter B., 2007, MNRAS , 381,

1252 
orrey P. , Cox T. J., K e wley L., Hernquist L., 2012, ApJ , 746, 108 
remonti C. A. et al., 2004, ApJ , 613, 898 
russler J. , Maiolino R., Maraston C., Peng Y., Thomas D., Goddard D., Lian

J., 2020, MNRAS , 491, 5406 
ergani D. et al., 2010, A&A , 509, A42 
irtanen P. et al., 2020, Nature Methods , 17, 261 
on der Linden A. , Wild V., Kauffmann G., White S. D. M., Weinmann S.,

2010, MNRAS , 404, 1231 
ulcani B. et al., 2013, A&A , 550, A58 
ulcani B. et al., 2020, ApJ , 899, 98 
alters D. , Woo J., Ellison S. L., 2022, MNRAS , 511, 6126 
askom M. L. , 2021, J. Open Source Softw. , 6, 3021 
einberg D. H. , Andrews B. H., Freudenburg J., 2017, ApJ , 837, 183 
ellons S. et al., 2015, MNRAS , 449, 361 
erle A. et al., 2022, ApJ , 930, 43 
estfall K. B. et al., 2019, AJ , 158, 231 
hitaker K. E. , Kriek M., van Dokkum P. G., Bezanson R., Brammer G.,

Franx M., Labb ́e I., 2012, ApJ , 745, 179 
iersma R. P. C. , Schaye J., Smith B. D., 2009, MNRAS , 393, 99 
ild V. , Kauffmann G., Heckman T., Charlot S., Lemson G., Brinchmann J.,

Reichard T., Pasquali A., 2007, MNRAS , 381, 543 
ild V. , Walcher C. J., Johansson P. H., Tresse L., Charlot S., Pollo A., Le

F ̀evre O., de Ravel L., 2009, MNRAS , 395, 144 
ild V. , Almaini O., Dunlop J., Simpson C., Rowlands K., Bowler R., Maltby

D., McLure R., 2016, MNRAS , 463, 832 
ild V. et al., 2020, MNRAS , 494, 529 
ilkinson A. , Almaini O., Wild V., Maltby D., Hartley W. G., Simpson C.,

Rowlands K., 2021, MNRAS , 504, 4533 
ilkinson S. , Ellison S. L., Bottrell C., Bickley R. W., Gwyn S., Cuillandre

J.-C., Wild V., 2022, MNRAS , 516, 4354 

http://dx.doi.org/10.1093/mnras/sty504
http://dx.doi.org/10.1086/500975
http://dx.doi.org/10.1051/0004-6361:20030885
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1038/nature02474
http://dx.doi.org/10.1086/341392
http://dx.doi.org/10.1086/587544
http://dx.doi.org/10.1093/mnras/stu1187
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1051/0004-6361/201321100
http://dx.doi.org/10.3847/1538-4357/aa63f0
http://dx.doi.org/10.3847/1538-4357/ab2052
http://dx.doi.org/10.1088/0004-637X/690/1/802
http://dx.doi.org/10.3847/1538-4365/abef67
http://dx.doi.org/10.1093/mnras/staa2431
http://dx.doi.org/10.1046/j.1365-8711.2003.06292.x
http://dx.doi.org/10.1088/0004-637X/730/1/52
http://dx.doi.org/10.1088/0004-637X/788/1/33
http://dx.doi.org/10.1146/annurev-astro-081811-125610
http://dx.doi.org/10.1086/500295
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1016/j.newast.2022.101895
http://dx.doi.org/10.1093/mnras/sty060-
http://dx.doi.org/10.3847/0004-6256/152/4/83
http://dx.doi.org/10.3847/1538-3881/abcaa2
http://dx.doi.org/10.1093/mnras/stw3162
http://dx.doi.org/10.3847/2515-5172/ac1680
http://dx.doi.org/10.1093/mnras/stad1473
http://dx.doi.org/10.3847/1538-4357/ab1f68
http://dx.doi.org/10.1007/s00159-018-0112-2
http://dx.doi.org/10.1093/mnras/sty1794
http://dx.doi.org/10.1088/0004-637X/707/1/250
http://dx.doi.org/10.1086/306219
http://dx.doi.org/10.1086/427277
http://dx.doi.org/10.1093/mnras/239.3.885
http://dx.doi.org/10.1051/0004-6361/201219507
http://dx.doi.org/10.1093/mnras/stac3066
http://dx.doi.org/10.1088/0004-637X/777/1/18
http://dx.doi.org/10.1086/378581
http://dx.doi.org/10.1093/mnras/stab2868
http://dx.doi.org/10.1146/annurev-astro-082812-140956
http://dx.doi.org/10.1086/160817
http://dx.doi.org/10.1088/0004-637X/755/1/26
http://dx.doi.org/10.1093/mnras/sty2728
http://dx.doi.org/10.3847/0004-637X/832/1/79
http://dx.doi.org/10.1111/j.1365-2966.2008.13981.x
http://dx.doi.org/10.1093/mnras/stv2878
http://dx.doi.org/10.1093/mnras/sty589
http://dx.doi.org/10.1038/s41550-019-0725-z
http://dx.doi.org/10.1093/mnrasl/slz163
http://dx.doi.org/10.1038/nature14439
http://dx.doi.org/10.1111/j.1365-2966.2011.19300.x
http://dx.doi.org/10.1051/0004-6361:20054761
http://dx.doi.org/10.1088/0004-637X/693/1/112
http://dx.doi.org/10.3847/1538-4357/ab5224
http://dx.doi.org/10.1086/380601
http://dx.doi.org/10.3847/1538-4357/aad09b
http://dx.doi.org/10.3847/1538-4357/ac9e9f
http://dx.doi.org/10.1093/mnras/stz2580
http://dx.doi.org/10.1093/mnras/stx1903
http://dx.doi.org/10.1093/mnras/sty1916
http://dx.doi.org/10.1086/522363
http://dx.doi.org/10.1088/2041-8205/710/2/L156
http://dx.doi.org/10.1086/171845
http://dx.doi.org/10.3847/1538-4365/ac7b8f
http://dx.doi.org/10.3847/1538-4357/ac0f7f
http://dx.doi.org/10.1111/j.1365-2966.2005.09574.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10785.x
http://dx.doi.org/10.1093/mnras/stu327
http://dx.doi.org/10.3847/1538-4357/ac6096
http://dx.doi.org/10.1088/0004-6256/146/2/32
http://dx.doi.org/10.1088/0004-637X/741/2/77
http://dx.doi.org/10.1093/mnras/sty312
http://dx.doi.org/10.1051/0004-6361/201629745
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://dx.doi.org/10.1086/323301
http://dx.doi.org/10.3847/1538-4357/ac82b0
http://dx.doi.org/10.3847/1538-4357/aaa4b4
http://dx.doi.org/10.1093/mnras/stad1098
http://dx.doi.org/10.48550/arXiv.2203.02041
http://dx.doi.org/10.1088/0004-637X/782/2/68
http://dx.doi.org/10.1111/j.1365-2966.2007.12323.x
http://dx.doi.org/10.1088/0004-637X/746/1/108
http://dx.doi.org/10.1086/423264
http://dx.doi.org/10.1093/mnras/stz3286
http://dx.doi.org/10.1051/0004-6361/200912802
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1111/j.1365-2966.2010.16375.x
http://dx.doi.org/10.1051/0004-6361/201118388
http://dx.doi.org/10.3847/1538-4357/aba4ae
http://dx.doi.org/10.1093/mnras/stac283
http://dx.doi.org/10.21105/joss.03021
http://dx.doi.org/10.3847/1538-4357/837/2/183
http://dx.doi.org/10.1093/mnras/stv303
http://dx.doi.org/10.3847/1538-4357/ac5f06
http://dx.doi.org/10.3847/1538-3881/ab44a2
http://dx.doi.org/10.1088/0004-637X/745/2/179
http://dx.doi.org/10.1111/j.1365-2966.2008.14191.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12256.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14537.x
http://dx.doi.org/10.1093/mnras/stw1996
http://dx.doi.org/10.1093/mnras/staa674
http://dx.doi.org/10.1093/mnras/stab965
http://dx.doi.org/10.1093/mnras/stac1962


Chemical evolution of PSBs 4049 

W
W
W
Y  

Y
Y
Z  

Z
Z  

Z
Z

S

S

P

P  

o
A
c

A
S

H  

a
s  

e
o  

ρ  

a  

c  

s  

p  

i  

I  

k
k
f  

c  

r  

t
s
a

F
v
s
a
f
k
c

D
ow

nloaded from
 https://academ

ic.oup.com
orthey G. , Ottaviani D. L., 1997, ApJS , 111, 377 
orthey G. , Faber S. M., Gonzalez J. J., Burstein D., 1994, ApJS , 94, 687 
u P.-F. et al., 2018, ApJ , 868, 37 

an R. , Newman J. A., Faber S. M., Konidaris N., Koo D., Davis M., 2006,
ApJ , 648, 281 

ano M. , Kriek M., van der Wel A., Whitaker K. E., 2016, ApJ , 817, L21 
ork D. G. et al., 2000, AJ , 120, 1579 
abludoff A. I. , Zaritsky D., Lin H., Tucker D., Hashimoto Y., Shectman S.

A., Oemler A., Kirshner R. P., 1996, ApJ , 466, 104 
aritsky D. , Kennicutt R. C., Jr., Huchra J. P., 1994, ApJ , 420, 87 
heng Y. , Wild V., Lah ́en N., Johansson P. H., Law D., Weaver J. R., Jimenez

N., 2020, MNRAS , 498, 1259 
heng Y. , Dave R., Wild V., Montero F. R., 2022, MNRAS , 513, 27 
ibetti S. , Gallazzi A. R., 2022, MNRAS , 512, 1415 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

SB metallicity paper long tables.pdf 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the 

orresponding author for the article. 
igure A1. Comparing the GP kernels ‘squared exponential’ and ‘SHOTerm’. L
arious lengthscales ( l ) (solid black) and their respective best-fitting autocorrelation
eparation in arbitrary units. The l values of the squared exponential kernel are given
re given in blue. SHOTerm fa v ours a steeper initial decline in correlation, but ha
rom each of the three squared exponential kernels in the left panel. Right : Simil
ernels. The realizations are qualitatively similar between the two kernels used, bu
ompared to the squared exponential kernels. This is due to the steeper initial decli
PPENDI X  A :  C A L I B R AT I O N  O F  T H E  

HOTERM  K E R NA L  

ere we detail how the SHOTerm kernal was calibrated to provide
 qualitatively similar result to the squared exponential kernal 
uccessfully employed in Carnall et al. ( 2019a ). First, squared
 xponential autocorrelation curv es were obtained by selecting values 
f l within its prior range (as specified in Carnall et al. 2019a ). Then,
, σ , and Q values of the SHOTerm kernel that produce the best
greement between autocorrelation curves of the tw o k ernels were
omputed using least squares. We found fixing Q = 0.49, along with
etting the period prior as 0.04 < ρ < 1.0 and the standard deviation
rior as 10 −1 < σ < 1, both with shapes flat in log 10 space (as listed
n Table 2 ) to best approximate the original kernel’s behaviours.
n Fig. A1 , we compare three examples of the squared exponential
ernel of various l and their corresponding best-fitting SHOTerm 

ernels. The figure’s left panel compares the kernels’ autocorrelation 
unction, showing that SHOTerm fa v ours a steeper initial decline in
orrelation, but has longer tails. As a result, when comparing random
ealizations drawn from the kernels in the central and right panels,
he SHOTerm kernels display an increased level of fluctuations at 
mall lengthscales. Ho we ver, at large lengthscales the realizations 
re qualitatively similar. 
MNRAS 528, 4029–4052 (2024) 

eft : Three autocorrelation curves from the squared exponential kernel of 
 curves from the SHOTerm kernel (dashed blue). The x-axis is the distance of 
 in black next to each curve, while the ρ and Q values of the SHOTerm kernel 
s longer tails. Centre : Three random realizations in arbitrary units drawing 
ar random realizations drawn from each of the three best-fitting SHOTerm 

t the SHOTerm kernels display increased fluctuations at small lengthscales 
ne in correlation. 

/m
nras/article/528/3/4029/7581991 by guest on 22 February 2024

http://dx.doi.org/10.1086/313021
http://dx.doi.org/10.1086/192087
http://dx.doi.org/10.3847/1538-4357/aae822
http://dx.doi.org/10.1086/505629
http://dx.doi.org/10.3847/2041-8205/817/2/L21
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.1086/177495
http://dx.doi.org/10.1086/173544
http://dx.doi.org/10.1093/mnras/staa2358
http://dx.doi.org/10.1093/mnras/stac905
http://dx.doi.org/10.1093/mnras/stac370
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stae225#supplementary-data


4050 H.-H. Leung et al. 

M

A
R

A  

c  

a  

m  

c  

r  

fi  

s  

s

 

S  

a  

m  

F  

m  

i  

m  

d  

I  

r  

m

F
m
F

D
ow

nloaded
PPENDIX  B:  SPH  SIMULATION  PARAMET ER  

E C OV E RY  W I T H O U T  G P  NOISE  

s seen in Fig. 5 , the constant metallicity model’s GP noise
omponent led to a best-fitting model with a prominent slope,
llowing the physical spectrum to be significantly bluer than the input
ock spectrum. Therefore, to investigate the impact of the GP noise

omponent on parameter reco v ery performance and minimizing
esiduals, we repeat the pair of tests with the two metallicity models
tting the same mock spectra constructed from the binary merger
imulation, but without the GP noise component. Figs B1 and B2
hows the no-GP counterparts to Figs 4 and 5 . 
NRAS 528, 4029–4052 (2024) 

igure B1. Simulation-based parameter reco v ery test without GP noise componen
etallicity models to star particles generated from an SPH merger simulation (from
ig. 4 . The two-step metallicity model continues to out-perform the constant mode
Without the GP noise component, comparing Figs B1 and 4 ,
FH and parameter reco v ery for both metallicity models declined,
ccompanied with increased uncertainties. Ho we ver, the two-step
etallicity model remains the more accurate model. Comparing
igs B2 and 5 , the two-step model remains the better fit at the
etal-indicating calcium H + K lines, and the iron and magnesium

ndices. Additionally, the residual of the constant model worsened,
ost notably around the H + K lines. This leads to the larger

ifference in root mean square residuals between the two models.
n conclusion, the two-step metallicity model’s superior parameter
eco v ery performance is not due to the GP noise component of the
odel. 
t, comparing the results of fitting the constant (blue) and two-step (orange) 
 Zheng et al. 2020 , see Fig. 2 ). All symbols follow the same meaning as in 

l even without the GP noise component. 
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Figure B2. Comparing the spectral fitting performance of the constant (blue) and the two-step (orange) metallicity models applied to a mock PSB spectrum 

generated from an SPH merger simulation (Fig. B1 ), without the GP noise component. All symbols follow the same meaning as in Fig. 5 , except the GP noise 
panels are remo v ed. The constant metallicity model remains a poorer fit at most metal indices. The residual at calcium H + K lines worsened. 
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PPEN D IX  C :  FITTED  STAR-FORMATION  

ISTORIES  A N D  META LLICITY  LEVELS  

ig. C1 shows the derived SFH’s and metallicity evolution for the 
5/50 successfully fitted galaxies in our sample. The spectral fitting 
ethods used are described in Section 3 . SFH parameters such as

he time since burst, burst mass fraction, etc are listed in Table 5 . 
MNRAS 528, 4029–4052 (2024) 
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Figure C1. Fitted SFHs (top panel of each subplot) and metallicity evolution (bottom panel of each subplot) of 45/50 successfully fitted PSBs. The solid black 
lines, grey and light grey shaded regions mark the posterior median, the 1 σ region and 90 per cent confidence interval of the fitted SFHs or metallicity histories. 
10 random samples drawn from the posterior distributions are shown using grey dashed lines. The vertical orange lines and orange shaded regions mark the 
posterior median and 1 σ region of the time of peak of starburst ( t burst ). 
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