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A B S T R A C T 

Metallicity is a fundamental physical property that strongly constrains galaxy formation and evolution. The formation of stars 
in galaxies is suppressed by the energy released from supernova explosions and can be enhanced by metal production. In order 
to understand the impact of this supernova feedback, we compare four different feedback methods, ejecting energy in thermal, 
kinetic, stochastic, and mechanical forms, into our self-consistent cosmological chemodynamical simulations. To minimize 
other uncertainties, we use the latest nucleosynthesis yields that can reproduce the observed elemental abundances of stars in the 
Milk y Way. F or each method, we predict the evolution of stellar and gas-phase metallicities as a function of galaxy mass, i.e. the 
mass–metallicity relations. We then find that the mechanical feedback can give the best match to a number of observations up 

to redshift z ∼ 3, although the predicted gas-phase metallicities seem to be higher than those observed at z � 1. The feedback 

modelling can be further constrained by the metallicities in distant galaxies with the JWST and those of a large sample with 

ongoing and future spectroscopic surv e ys. 

Key words: methods: numerical – galaxies: abundances – galaxies: evolution – galaxies: formation. 
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 I N T RO D U C T I O N  

he evolution of elemental abundances in the Universe across cosmic
ime is essential to understand the formation and evolution of galaxies
e.g. Kobayashi & Taylor 2023 , for a re vie w). While the e volution
f dark matter in the standard Lambda cold dark matter ( � CDM)
osmology is well understood, one of today’s greatest challenges
s understanding the evolution of baryonic matter from primordial
lements produced in the big bang nucleosynthesis to elements
eavier than helium produced in stars. Metals are observed in the
ocal to the distant galaxies. The abundances of metals in galaxies
ive information about the star formation rate (SFR), gas outflows,
nd inflow during the galaxies’ histories. The study of metallicity also
rovides crucial information about the exchange of metals between
tars, the cold interstellar gas, and the diffuse surrounding gas. 

Understanding the origin and behaviour of elements is subject
o several studies. Chemical elements are produced during different
stronomical events. Hydrogen and helium form through the big bang
ucleosynthesis, while carbon and heavier elements form in stellar
ucleosynthesis from core-collapse supernovae (SNe), asymptotic
iant branch (AGB) stars, thermonuclear explosions observed as
ype Ia SNe (SNe Ia), and neutron star mergers observed as kilonovae
Kobayashi, Karakas & Lugaro 2020b ). Metals are produced in stars
nd are ejected into the interstellar medium (ISM), circumgalactic
edium (CGM), and the intergalactic medium (IGM; e.g. P ́eroux &
owk 2020 ). This ejection happens through losing the outer gaseous

nvelopes of old/dying stars or the explosion of massive stars as
Ne (with initial masses � 10 M �). The energy released through
tellar winds and SN explosions is known as stellar feedback (e.g.
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arson 1974 ). Feedback can efficiently suppress star formation
y heating and e v aporating dense, star-forming clouds, generating
urbulent supersonic shocks, and generating outflows that eject gas
rom the galaxy. At low halo masses, the dominant feedback is
rom massive stars (stellar winds, SN explosions, photoionization,
nd radiation pressure). Ho we ver, at higher masses, active galactic
ucleus (AGN) feedback dominates (e.g. Silk 2013 ; Taylor &
obayashi 2015 ). Different feedback methods are used in different
osmological simulations, such as thermal feedback (e.g. Katz 1992 ),
inetic feedback (Navarro & White 1993 ), stochastic feedback (Dalla
ecchia & Schaye 2012 ), and mechanical feedback (Hopkins et al.
018 ; Smith, Sijacki & Shen 2018 ). In this paper, we investigate the
mpact of SN feedback on the metallicities of galaxies using the same
tellar yields in our cosmological simulations. 

Cosmological simulations consider two different processes for the
volution of galaxies o v er cosmic time: (1) The hierarchical growth
f dark matter structures on time-scales proportional to redshift
Press & Schechter 1974 ). (2) The baryonic physics on time-scales
hat are impacted by the processes such as radiative cooling, star
ormation, and feedback (White & Rees 1978 ). The simulation of
alaxy formation and evolution remains a significant challenge as
t extends from large-scale structures along dark matter filaments to
tar formation scales. Assumptions and approximations are therefore
ecessary and depend on the scale we want to resolv e. F or instance,
he semi-analytical models (SAMs; White & Frenk 1991 ) compute
he baryonic physics separately from the dark matter. SAMs treat
ach galaxy as an unresolved object and provide a statistical sample of
alaxies. On the other hand, hydrodynamical simulations model the
ydrodynamics and gravitational laws and can simulate the baryonic
hysics simultaneously with the dark matter self-consistently. These
imulations can also predict the internal structure of galaxies (i.e.
inematics and spatial distributions). Ho we ver, the results are still
© 2023 The Author(s) 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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imited to a finite resolution. Therefore, all currently available 
ydrodynamical models implement analytical laws to attempt to 
apture the effects of the abo v e-mentioned sub-galactic processes 
n a galaxy scale. 
Several hydrodynamical simulations are used to predict the 

volution in galaxies, with very different input physics in each 
imulation. F or e xample, the EAGLE (Evolution and Assembly of
aLaxies and their Environments) simulations (Schaye et al. 2015 ) 
se stochastic feedback (Dalla Vecchia & Schaye 2012 ). Illustris uses
ipolar winds, IllustrisTNG (Pillepich et al. 2018 ) uses isotropic, 
inetic (wind) feedback from Springel & Hernquist ( 2003 ), SIMBA
Dav ́e et al. 2019 ) uses stellar kinetic feedback with decoupled wind
articles, and HORIZON-AGN (Dubois et al. 2016 ) uses thermal 
nergy injection to model stellar feedback. In this paper, we use our
wn chemodynamical code (Taylor & Kobayashi 2014 ) based on the 
ADGET hydrodynamical code (Springel, Yoshida & White 2001a ; 
pringel, Di Matteo & Hernquist 2005 ) to systematically investigate 

he effects of SN feedback on the chemical evolution of galaxies. 
Measuring metallicity from observed spectra of galaxies is subject 

o many previous studies, is an ongoing effort, and is available for
tellar populations (e.g. Worthe y, F aber & Gonzalez 1992 ; Conroy
013 ) and the ISM (e.g. K e wley & Ellison 2008 ; Maiolino &
annucci 2019 ). The stellar mass–metallicity relation (MZR) was 

rst disco v ered in local elliptical galaxies by studying the colour–
agnitude diagram (McClure & van den Bergh 1968 ). The relation 

or the ISM was first observed in a small sample of nearby star-
orming galaxies by Lequeux et al. ( 1979 ). Later on, using the
loan Digital Sk y Surv e y (SDSS), several authors derived a clearer
ZR for stars (e.g. Gallazzi et al. 2006 ; Zahid et al. 2017 ) and

he ISM (Tremonti et al. 2004 ; Curti et al. 2020 ), where galaxy
etallicity increases with stellar mass. Various methods are used 

o infer the metallicity of the gaseous phase. The main ones are
ifferent calibrations with the photoionization models (K e wley & 

llison 2008 ), strong line calibration (Curti et al. 2020 ), and direct
ethod based on electron temperature (Curti et al. 2023 ). 
In this paper, we implement and compare four models of stellar

eedback in our cosmological simulations. The physical processes 
ncluded in our simulation are described in Section 2 . The results of
he different feedback models on the MZR are presented in Section 
 . Comparing with the observed MZRs, we discuss our results and
ive our perspectives in Section 4 . 

 M O D E L  

ur simulation code is based on the ‘GAlaxies with Dark matter 
nd Gas intEracT 3’ code known as GADGET-3 (Springel et al. 
005 ). It uses TREESPH (Hernquist & Katz 1989 ), which combines
he smoothed particle hydrodynamics (SPH; Gingold & Monaghan 
977 ; Lucy 1977 ) to follow the gas dynamics, with the hierarchical
ree algorithm to compute the N -body gravitational interactions. The 
ong-range force is calculated with the particle-mesh (PM) algorithm 

sing Fourier techniques. We use an impro v ed v ersion of the code that
ontains several physical processes related to galaxy formation and 
volution, such as radiative cooling, star formation, SNe feedback 
Kobayashi, Springel & White 2007 ), and black hole (BH) physics
Taylor & Kobayashi 2014 ). 

.1 Baryonic physics 

ravitational instability physics (i.e. dark matter structures) is an 
mportant starting point in galaxy formation models. Ho we ver, 
ne of today’s greatest challenges in cosmological simulations is 
mplementing the baryonic astrophysical processes that describe the 
alaxy population. The key difference between dark and baryonic 
atter is that the latter can dissipate energy through radiative 

rocesses. In what follows, we discuss the main processes involved 
n galaxy formation. 

.1.1 Radiative cooling 

adiative cooling is a process that allows a space object to lose heat by
hermal radiation. It uses the cooling function � ( T ), which expresses
as cooling by thermal radiation. This function assumes that the gas is
ptically thin (i.e. an emitted photon can typically leave the cloud).
n example of a set of cooling curves is given by Sutherland &
opita ( 1993 ), where � ( T ) has multiple peaks and valleys because

he emission mechanisms are most efficient at specific temperatures. 
or instance, it is characterized by a big bump at low temperature
roduced by line radiation and a tail at high temperature (abo v e 10 7 

) produced by bremsstrahlung. We also include Compton heating. 
n this work, we use the same metallicity-dependent cooling function 
mplemented by Kobayashi ( 2004 ), which is computed with the

APPINGS-III software (Sutherland & Dopita 1993 ). 

.1.2 Star formation 

n galaxy simulations, the formation of star particles is only allowed
n a gas that obeys certain conditions, stars are formed in cool dense
as. As in Kobayashi et al. ( 2007 ), we use the star formation criteria
sed in Katz ( 1992 ), which are as follows: (1) Star formation is only
llowed in convergent flows, (2) star formation is only allowed in
egions where the cooling time is less than the dynamical time (rapid
ooling), and (3) the gas has to be locally Jeans unstable. 

.1.3 Stellar feedback 

t is observed that stars represent less than 10 per cent of the baryonic
atter in the observ able Uni verse (Madau & Dickinson 2014 ).
o we ver, according to the predictions of the cosmic microwave
ackground models, all the gas has already cooled and formed 
tars by today. This problem was recognized by the earliest models
f galaxy formation (White & Rees 1978 ; Dekel & Silk 1986 )
here they suggested that this o v ercooling may be solved by the

onsideration of the SN feedback. SN energy heats the gas, dispersing 
ut of the galaxy and reducing the galaxy’s baryon fraction, leading
o a star formation inefficiency. There are two classes of feedback
echanisms that retard star formation, ejective and prev entiv e 

eedback. Ejective feedback ejects the gas from the ISM, while 
re venti ve feedback stops the gas from accreting into the ISM. On the
ontrary, dying stars and SNe eject metals, which enhance cooling 
nd star formation (e.g. Kobayashi et al. 2007 ). We include these
ffects self-consistently. More detail is given in Section 2.2 . 

.1.4 AGN feedback 

n addition to SN feedback, feedback from AGNs is essential in
uppressing star formation in massive galaxies (e.g. Silk 2013 ; 
aylor & Kobayashi 2015 ). In a star-forming galaxy (with cool and
ense gas) where the BH is not yet active, part of the gas produces
tars, and the other part falls into the BH. After accreting enough
as, the BH becomes active and ejects outflows and radio jets. This
echanism, known as AGN feedback, heats and pushes the gas away,
hich slows down star formation and stops the BH from growing.
o more fuel will cause the BH to deacti v ate, meaning nothing will
eat the gas anymore (for it to expand), so it returns to the initial BH
MNRAS 527, 3276–3290 (2024) 
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tage. At this stage, the gas can cool again. Ho we ver, stars only form
f the gas is dense enough, which is usually not the case. 

As in Taylor & Kobayashi ( 2014 ), AGN feedback in our simulation
s modelled as (1) BH seed formation: the seed BHs are formed with
he first stars, any gas particle with a density higher than the specified
ritical density and with zero metallicity ( Z = 0) is converted into a
H particle with a seed mass of 1000 h 

−1 M �. (2) Growth: the seed
Hs grow by accreting gas and by merging with other BHs. (3) AGN

eedback: in each time-step, a certain amount of energy is produced
y the BH and is distributed in a thermal form to a fixed number of
eighbour gas particles. 

.1.5 Chemical enrichment 

n our simulations, a star particle is not a single star but a set of
any. We consider a star particle as a simple stellar population (SSP,

.e. stars with the same age and metallicity but different masses)
nd include a chemical enrichment model that tracks the enrichment
f the gas with all elements up to zinc. Oxygen, carbon, and iron
bundances are mainly produced by core-collapse SNe, AGB stars,
nd SNe Ia, respectively (Kobayashi et al. 2020b ). The initial mass
unction (IMF) of stars is taken from Kroupa ( 2008 ). We compute
xygen abundance for the ISM to compare with observations of
etallicities weighted by SFRs. Also, we use total metals for stellar
etallicities weighted by V -band luminosities. 

.2 Stellar feedback 

n h ydrodynamical simulations, g as particles are affected by nearby
tar particles locally. We also follow the cooling of the gas particles
fter the feedback. These are fundamentally different from the load-
ng factor in previous work (e.g. Belfiore, Maiolino & Bothwell 2016 ;
ian et al. 2018 ; Lin & Zu 2023 ), which is the measure for the average
ffect of or within the galaxy (see Taylor, Kobayashi & K e wley
020 , for comparison between simulations and observations). In
he following, we describe four feedback methods proposed for
ydrodynamical simulations. 

.2.1 Thermal feedback 

he classical stellar feedback method used in galaxy simulations
onsists of the distribution of thermal energy from SN explosions
nto the surrounding gas (e.g. Katz 1992 ), namely, to the neighbour
articles in a fixed radius or with a fixed number, using a smoothing
ernel W j : 

E = E SN W j , (1) 

here � E is the weighted fraction of the SN energy received by
he j th gas particle, and E SN is the total energy ejected by SNe from
n evolving star particle in a given time-step. In our simulations,
 ngb nearest neighbour gas particles are selected and receive the SN
nergy weighted by the smoothing kernel. Then, at each time-step,
he total ejected energy E SN is divided accordingly to the weighting
o heat the gas particles individually. 

Our simulations also include hypernova feedback (Kobayashi et
l. 2007 ). Since the energy of hypernovae is more than 10 times
arger than the SN energy (10 51 erg), the temperature increase can be

uch more significant and can reach ∼10 6 K. Once the gas particles
re heated to this temperature, they do not cool rapidly due to the low
ooling rate. As a result, this reduces the SFR significantly, and the
ypernova feedback is expected to be more efficient than SN-only
eedback. 
NRAS 527, 3276–3290 (2024) 
.2.2 Kinetic feedback 

his method consists of implementing outflows where the energy
nput is partially converted to kinetic energy (Navarro & White 1993 ).
he thermal energy ejected by each SN explosion is partially reduced
y a parameter f (0 ≤ f ≤ 1), representing the fraction of energy
istributed as kinetic energy. This model simulates a shocked gas
ith a kinetic kick of velocity v such as 

 = 

√ 

2 f E SN W j /M j , (2) 

here M j is the mass of the j th gas particle that receives the energy,
nd E SN W j is the weighted fraction of the SN energy received by
he j th gas particle. This velocity is added to the original velocity of
eighbour particles isotropically. 

.2.3 Stochastic feedback 

his approach was first implemented by Kay, Thomas & Theuns
 2003 ) in galaxy simulations, and generalized by Dalla Vecchia &
chaye ( 2012 ) to complete the thermal feedback method and effi-
iently suppress star formation. Thermal feedback may be inefficient
ecause the thermal energy is mostly radiated away before it can
e turned into kinetic energy. This may be because the mass of
he gas receiving the SN energy is too large. Without hypernovae,
he energy emitted by SNe is not enough to efficiently heat these gas
articles; hence, the gas temperature remains too low and the cooling
ime too short. Another reason for the thermal feedback inefficiency
ay be the lack of resolution: the energy is mainly distributed to a

igh-density gas because the simulation does not resolve the hot and
ow-density areas (which remain missing). 

The temperature jump of the neighbour gas can be increased by
educing the mass of the heated gas with respect to the star particle.
his can be done by reducing the number of heated gas particles or by
pecifying the temperature jump of the heated gas. The first idea may
ause an issue if even one gas particle is too massive. The second way
an be done using stochastic feedback, where the probability of the
as particle being heated depends on the star-to-gas mass ratio and
he specified temperature jump. For the stochastic feedback, the idea
s to select a random number of nearby particles (instead of heating
ll the neighbour particles as in the thermal feedback model). 

We use the same model as in Dalla Vecchia & Schaye ( 2012 ),
here we define an energy increase � e used to heat the neighbour
as particles: 

e = f 
E SN 

N ngb 
, (3) 

here E SN is the total SN energy ejected by an evolving star particle
n a given time-step, N ngb is the number of neighbour gas particles,
nd f is a parameter that is introduced to hold the probability that
ach of the N ngb particles receives an energy increase of � e (i.e.
e > E SN / N ngb , hence f > 1). � e is the total energy a single gas

article will receive from the SNe independently from the distance
o the star particle. To determine whether a gas particle will receive
he energy or not, a random number 0 < r < 1 is compared to the
ondition 

 < 

E SN M ∗

�e 
∑ N ngb 

j M j 

, (4) 

ith M ∗ the mass of the star particle and M j the mass of the j th gas
article receiving the energy. The gas particle receives an energy
ncrease of � e only if this condition is satisfied. Larger f results in a
maller number of gas particles heated with a larger energy � e . Note
hat M j and M ∗ are not constant in our simulations. 
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.2.4 Mechanical feedback 

echanical feedback takes into account the SN shock wave applied 
o gas particles. This model uses assumptions depending on the 
tructure of the ISM at small scales and its interaction with the
N remnants. As the SN shock wave propagates, it accelerates 
articles, radiating energy away. There are mainly three phases in 
he life of an SN: (1) The free expansion phase; (2) the adiabatic or
 aylor–Sedov phase (T aylor 1950 ; Sedov 1959 ), where the expansion
roceeds adiabatically into the surroundings, and radiative losses are 
egligible; and (3) the radiative or ‘snowplough’ phase, where the 
as temperature in the shock wave drops as the cooling function 
ncreases and the shock slows until it merges with the surroundings
nd disappears. 

We implement mechanical feedback similar to Hopkins et al. 
 2014 ) and Smith et al. ( 2018 ), where the SN shock wave is
onsidered to occur during the Sedov–Taylor phase of expansion, 
uring which the shock wave is energy conserving. As in the kinetic
odel, a fraction f (0 ≤ f ≤ 1) of SN energy E SN is ejected in a kinetic

orm, but is converted to a momentum kick. The total momentum 

njected in the rest frame of the star particle is 

 tot = 

√ 

2 m ej f E SN , (5) 

ith m ej the total mass ejected by the SNe in a given time-step.
ollowing Kimm et al. ( 2015 ), the momentum as the remnant

ransitions to the snowplough phase is given as 

 fin = 3 × 10 10 km s −1 M � E 

16 / 17 
51 n 

−2 / 17 
H Z 

′−0 . 14 , (6) 

ith E 51 ≡ E SN /10 51 erg, n H is the hydrogen number density, and
 

′ the metallicity in solar units [ Z 

′ ≡ max ( Z / Z �, 0.01)]. The correct
omentum therefore depends on the stage of the expansion. We 

alculate both forms of momentum in the code for each star particle
uring each time-step, and choose as 

P = W j P tot min ( δM, δP ) , (7) 

here δM = 

√ 

1 + 

m j 

�m j 
is associated with the resolved Sedov–

aylor phase, with m j the initial mass of the j th gas particle receiving
he energy, and � m j the mass received by the j th gas particle from
Ne in nearby star particles. Also, δP = P fin / P tot is associated with

he unresolved exit of the Sedov–Taylor phase. W j P tot is the portion
f momentum received by j th gas particle. 

.3 Initial conditions 

e use a � CDM cosmology with h = 0.68, �m 

= 0.31, �� 

= 0.69,
nd �b = 0.048 (Planck Collaboration VI 2020 ). The simulations 
resented in this paper are run at the same resolution with the
ame initial conditions as in Kobayashi et al. ( 2007 ) with updated
osmological parameters: same number of dark matter and gas 
articles with a resolution of N gas = N DM 

= 128 3 with mass M DM 

=
 . 47 × 10 7 h 

−1 M � and M gas = 6 . 35 × 10 6 h 

−1 M �.The simula-
ion is run in a periodic, comoving, cubic box volume of 10
 

−1 Mpc on a side, with gravitational softening lengths of εDM 

 1.6875 and εgas = 0.843 75 h −1 kpc. We use the friend-
f-friends (FoF) algorithm to locate galaxies as in Taylor & 

obayashi ( 2014 ). 

.4 Fiducial parameters 

e run our simulation with the same initial conditions and different 
arameter values f . For the kinetic feedback, we run f = [0, 1, 0.5, 1,
, 3, 5, 10, 30, 50, 70, 90] per cent and find that the larger the value
f f , the stronger the feedback. A large f suppresses star formation
oo much, while f < 1 gives very similar results as the thermal
eedback (see Appendix A ). For these reasons, we decide to use f =
 per cent as our fiducial parameter. For the mechanical feedback, 
e run f = [1, 2, 5, 10, 30, 50, 70] per cent, and with the same

easoning as for the kinetic feedback, we choose f = 1 per cent as
ur fiducial parameter. 
For the stochastic feedback, f is the fraction of total energy ejected

rom SNe and is proportional to the probability that a gas particle is
eated by the SNe. A large f is equi v alent to a large � e , which yields
he right-hand side of equation ( 4 ) to be small. Therefore, for a large
 , equation ( 4 ) is rarely satisfied, as only a small number of particles
eceive the energy increase and are impacted by the SN feedback.

e ran the values f = [1, 3, 5, 10, 30, 50, 70, 90] (see Appendix A )
nd found that for f < 50 the impact of f is not significant, and for
 > 50 the feedback is too weak. Therefore, we choose to use f =
0 as our fiducial parameter for the stochastic feedback as it is our
ar gest SN ener gy fraction where enough particles are heated for the
eedback to be ef fecti ve. 

 RESULTS  

.1 Density and temperature evolution 

ig. 1 shows the redshift evolution of the gas density in our
osmological simulations from the same initial conditions for the 
our feedback models with our fiducial parameters. At z = 2 (bottom
ow), the density distribution is similar for all models. At z = 1
middle row), the kinetic feedback starts to behave differently. For 
xample, if we focus on the top left region of the map, we can notice
 large ring-like structure that is not occurring for the other models.
t z = 0 (top row), one can distinguish a rich filamentary structure

or the thermal, stochastic, and mechanical feedback (columns 1, 
, and 4, respecti vely); ho we ver, with the kinetic feedback, the
ensity becomes very diffuse. There is no significant difference in 
he dark matter structure. The gas in our simulations is accreted
long the filaments f alling tow ards a central node with higher
ensity; this triggers star formation, enhances SN feedback, and 
rives galactic winds. The SN feedback starts earlier in the kinetic
odel, which explains the ‘rings’ at z = 1. This pushed gas keeps
o ving a way from galaxies, which causes the diffuse structure at
 = 0. There are no significant differences among the three other
odels. 
Fig. 2 shows the gas temperature in our simulations for the four
odels at z = 0. Here again, we see a drastic behaviour with

he kinetic feedback, which o v erheats the gas abo v e 10 6 K. The
emperature is similarly high also with the stochastic feedback. 
herefore, it is expected that the stochastic feedback model will have
iffuse density structure similarly to the kinetic feedback model in 
he future time. On the other hand, the gas temperature in the thermal
nd mechanical feedback models ranges from ∼2000 K in low- 
ensity regions to ∼6000 K in dense regions. Overall, the mechanical 
eedback results in colder gas, and the cold areas are more extended
han in the case with the thermal feedback. 

Fig. 3 shows the gas metallicity for the four models at z = 0.
he metallicity is distributed similarly for the thermal, stochastic, 
nd mechanical feedback, but stochastic feedback gives slightly less 
xtended metallicity distribution. The SN feedback enhances the 
roduction of galactic winds, which mainly enriches the ISM and 
nly slightly the IGM. On the other hand, the kinetic feedback
roduces much stronger galactic winds and strongly enriches the 
GM. 
MNRAS 527, 3276–3290 (2024) 
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Figure 1. Density evolution of our cosmological simulations in 10 h −1 Mpc 3 box for our four feedback (FB) models: thermal, kinetic, stochastic, and mechanical 
in the first, second, third, and fourth columns, respectively, with the fiducial parameters in Section 2.4 . We show projected gas density at z = 0, z = 1, and z = 

2 in the top, middle, and bottom rows, respectively. 
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.2 Gas-phase diagram 

s described in Dav ́e et al. ( 2001 ), the baryons in the universe are
ound in four different regions of the gas-phase diagram: (1) The
diffuse region’ (low temperature T < 10 5 K and low density ρ)
ontains adiabatic gas outside galaxies with no specific role. (2) The
condensed region’ (low temperature T < 10 5 K and high density ρ)
ontains stars and cool gas inside galaxies. (3) The ‘hot region’ ( T
 10 7 K) contains the hot gas in galaxy clusters. (4) The ‘warm-hot’

egion (10 5 K < T < 10 7 K) contains the baryons in the IGM. Such
atter surrounding galaxies more closely can be observed with metal

bsorption lines and called CGM (P ́eroux & Howk 2020 ). 
Fig. 4 shows the density–temperature phase space diagram at z =

 for the four feedback models with our fiducial parameters. The
NRAS 527, 3276–3290 (2024) 
ain noticeable feature is the different behaviours of the warm-hot
egion. The diagrams of the thermal and mechanical models show
wo bumps at two different temperatures: the first bump is at T ∼ 10 4 

, which corresponds to the peak of hydrogen cooling temperature,
nd the second bump is at T ∼ 10 5 K, which corresponds to the peak
f helium cooling. 
The straight horizontal line at temperature T ∼ 10 4 K is caused

y the cooling function sharply dropping below T ∼ 10 4 K (see
g. 13 of Kobayashi & Taylor 2023 ), which prevents gas cooling
ntil it reaches very high density. Note that molecular cooling is
ot included, which would weaken this behaviour. At high densities,
here are more star-forming particles in the stochastic feedback model
han in the other models. 
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Figure 2. The same as Fig. 1 but for temperature maps of our cosmological simulations for the four feedback models at z = 0. 

Figure 3. The same as Fig. 1 but for the gas-phase metallicity, log Z g / Z �, in our cosmological simulations for the four feedback models at z = 0. 

Figure 4. Density–temperature phase space diagrams for thermal (a), kinetic (b), stochastic (c), and mechanical (d) feedback models. Each panel shows the 
temperature as a function of hydrogen number density with the colour contour indicating the number density of the gas particles in the entire simulation volume 
at z = 0. 
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The gas-phase temperature–density diagram for the kinetic feed- 
ack has a strange behaviour as most of the gas is hot and diffuse;
his is due to the cooling function used in our simulations, which
rops down when the particles are heated beyond ∼3 × 10 5 K. This
gure supports the prediction that the stochastic feedback will end up 
ith the same behaviour as the kinetic one. These diagrams indicate 

hat the mechanical feedback is a better model for this resolution. 
The drastic changes for the kinetic and stochastic feedback happen 
fter z = 1 (see Section 3.4 ), and Fig. 5 shows the gas-phase diagram
f the four models at z = 1 where there is no significant difference
etween the models. If we look closer, the mechanical feedback has
 slightly larger amount of warm gas (at T ∼ 10 5 K); this is due to its
fficiency, making the non-star-forming gas particles either heated 
r ejected. 
MNRAS 527, 3276–3290 (2024) 
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Figure 5. The same as Fig. 4 for z = 1. 

Figure 6. Cosmic SFR history of our 10 h −1 Mpc simulations with our differ- 
ent feedback models: thermal (blue), stochastic (orange), kinetic (green), and 
mechanical (red). The observational data are taken from Madau & Dickinson 
( 2014 ) (grey cross) and Driver et al. ( 2018 ) (pink plus). 
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.3 Cosmic star formation rate 

ig. 6 shows the cosmic SFR history obtained with each of the four
eedback models with fiducial parameters. The SFR increases with
ime until the cosmic noon at redshift ∼2, where the SFR was at
ts maximum. It decreases from z ∼ 2 to the present day because

ost of the cold gas has already turned into stars, but also because
he formation of stars is suppressed by the presence of more SN and
GN feedback. These test runs with a limited box size do not have
 ery massiv e g alaxies and g alaxy clusters, which may explain wh y
ur SFRs are lower at z � 2 than observed. The stochastic feedback
hows a similar behaviour with a slightly higher SFR (due to weaker
eedback). In the kinetic case, the feedback impact can only be seen
fter sufficient star formation has occurred (i.e. at z � 6). After z = 6,
he feedback is too strong, and star formation is suppressed too much,
ompared with the observations. We retrieve the same behaviour for
he mechanical feedback with a less strong suppression of SFRs.
bservational data are taken from Madau & Dickinson ( 2014 ) (grey

ross) and Driver et al. ( 2018 ) (pink plus). 

.4 Redshift evolution 

n Fig. 7 , we investigate the redshift evolution of different cosmic
uantities of the gas and stars in our simulations. Fig. 7 (a) shows the
NRAS 527, 3276–3290 (2024) 
tellar mass density as a function of redshift, obtained with our four
eedback models. The kinetic model has the lowest stellar density
t all redshifts plotted here since as shown in the cosmic SFR, it
s the strongest feedback that suppresses star formation the most.
ur simulations follow a similar trend as observational data from
adau & Dickinson ( 2014 ). Ho we ver, at z > 1, the kinetic and
echanical feedback seem to fit better, while at z < 1, the thermal

nd stochastic feedback work better. 
Fig. 7 (b) shows the gas fraction defined as f g ≡ M g /( M g + M ∗ +
 BH ) as a function of redshift for the four feedback models. At z
 4, the total gas fraction (solid lines) is f g ∼ 100 per cent for all
odels. From z = 4, the total gas fraction decreases to f g = 94, 92,

7, and 96 per cent at z = 0, respectively, for thermal, stochastic,
inetic, and mechanical feedback. All these are comparable with the
bservational estimates (e.g. f g = 0.91–0.95 in Madau & Dickinson
014 ). The stochastic feedback gives the smallest total gas fraction,
nd despite the large amount of hot gas in Fig. 4 , more gas is turned
nto stars o v erall (as shown in Fig. 7 a). The kinetic feedback has the
argest total gas fraction. 

The dashed and dotted lines show the hot and cold gas fractions
ith T > 10 6 K and T < 1.5 × 10 4 K, respectively. At z > 6, most
f the gas was cold in all models. The cold gas fraction decreases
ith time, while the hot gas fraction increases, mainly due to stellar

nd AGN feedback. At z ≤ 2, the cold gas fraction differs depending
n the feedback models. The kinetic model has the highest cold gas
raction, which may be explained by the lower SFR than the other
odels. The gas is drastically heated in the kinetic model, at exactly
 = 1, due to the high efficiency of stellar feedback. This transition
s not caused by our redshift binning but is real due to the nature
f this feedback model. Around this redshift, a large number of gas
articles are heated abo v e 10 5 K, where the cooling rate is low (as
xplained in Section 3.2 ), and are ejected from galaxies, suddenly
ncreasing the hot gas fraction. A similar behaviour is observed for
he stochastic feedback later on at z = 0.5; ho we ver, it is less sharp
nd evolves up to z = 0. This extreme temperature change starts
xactly at z < 1 and z < 0.5 for the kinetic and stochastic feedback,
especti vely. Also, the dif ference between z = 0 and z = 1 is clearly
bserved in the gas-phase density–temperature diagrams in Figs 4
nd 5 . 

Fig. 7 (c) shows the stellar metallicity across cosmic time for the
our models, which increases as time followed by star formation.
he kinetic model has the lowest stellar metallicity at all redshifts
ince fewer stars are produced than in any other models. It is clear
hat the SN feedback model has an impact on the present-day stellar
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Figure 7. (a) Stellar mass density as a function of redshift, comparing to the observational data (grey square) taken from Madau & Dickinson ( 2014 ). (b) 
Cosmic gas fraction f g ≡ M g /( M g + M ∗ + M BH ) for all gas (solid lines), hot gas ( T > 10 6 K, dashed lines), and cold gas ( T < 1.5 × 10 4 K, dotted lines). 
(c) Cosmic stellar metallicity evolution. (d) Gas-phase oxygen abundance evolution for all gas (solid lines), ISM (dotted lines), and IGM (dashed lines). In all 
panels, the thermal, stochastic, kinetic, and mechanical feedback are al w ays shown in blue, orange, green, and red, respectively. 

Table 1. Cosmic stellar mass density log ρ∗, gas fraction f g (for all gas, 
hot gas, and cold gas), stellar metallicity Z ∗/ Z �, and gas-phase oxygen 
abundances [O/H] g (for all gas, ISM, and IGM) of the thermal, stochastic 
( f = 50), kinetic ( f = 1 per cent), and mechanical ( f = 1 per cent) feedback 
models at z = 0. 

FB model Thermal Stochastic Kinetic Mechanical 

log ρ∗ 8 .483 8 .642 8 .173 8 .389 
f g (all gas) 0 .948 0 .925 0 .974 0 .958 
f g (cold gas) 0 .154 0 .0103 0 .0007 0 .215 
f g (hot gas) 0 .216 0 .893 0 .973 0 .081 
Z ∗/ Z � 0 .893 0 .947 0 .974 0 .816 
[O/H] g (ISM) − 0 .080 − 0 .148 − 1 .272 − 0 .152 
[O/H] g (IGM) − 1 .643 − 1 .512 − 1 .805 − 1 .676 
[O/H] g (all gas) − 1 .506 − 1 .393 − 1 .674 − 1 .557 
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Figure 8. Stellar MZRs with thermal (blue), stochastic (orange), kinetic 
(green), and mechanical (red) feedback models. The stellar metallicity is V - 
band luminosity-weighted. The lines are for medians and the shaded areas 
show the 1 σ scatter. The observational data are taken from Zahid et al. ( 2017 ) 
(grey dashed line, with 1 σ scatter). 
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etallicity, with Z ∗/ Z � = 0.89, 0.94, 0.57, and 0.81 at z = 0 for
hermal, stochastic, kinetic, and mechanical feedback, respectively. 

Fig. 7 (d) shows the evolution of oxygen abundance with time 
ith the four feedback models for all the gas (solid lines), the ISM

dotted lines), and the IGM (dashed lines), separately. As defined in 
obayashi et al. ( 2007 ) and Taylor & Kobayashi ( 2016 ), the ISM is
ll gas particles in galaxies identified by the FoF algorithm (Springel 
t al. 2001b ), and the IGM is all the other gas particles. The kinetic
eedback has a lower oxygen abundance because it has less star
ormation, therefore fewer heavy elements are produced by SNe. 
rom z = 1, the oxygen abundance is reduced in the ISM due to the
inds that eject the oxygen-enhanced gas outside the galaxy, but also 
ue to dilution, where all matter is mixed up and fills the ISM with
ydrogen, which explains the drop in the plot. Table 1 summarizes 
he values of the cosmic stellar mass density log ρ∗, gas fraction f g 
for all gas, hot gas, and cold gas), stellar metallicity Z ∗/ Z �, and
as-phase oxygen abundances [O/H] g (for all gas, ISM, and IGM) at 
 = 0, for the four feedback models. 

.5 Mass–metallicity relations 

.5.1 Stellar populations 

ig. 8 shows the stellar MZRs for the four feedback models, with
he integrated metallicity of stars in galaxies weighted by the V -
and luminosity of star particles. In our simulations, a star particle
s not a single star but a set of many. We consider a star particle
n SSP (i.e. stars with the same age and metallicity but different
asses). V -band luminosities of star particles are calculated using 

he Binary Population and Spectral Synthesis ( BPASS ) code version
.2.1 (Stanway & Eldridge 2018 ). The stellar metallicity of galaxies
s measured in a 15 kpc projection from the galactic centre. The lines
n Fig. 8 represent the median of the simulated galaxies, while the
haded areas display the 1 σ scatter. The solar metallicity used in the
gure is Z � = 0.015. 
MNRAS 527, 3276–3290 (2024) 
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Figure 9. Gas-phase MZRs with thermal (blue; triangles), stochastic (or- 
ange; diamonds), kinetic (green; squares), and mechanical (red; circles) 
feedback models. The SFR-weighted, gas-phase oxygen abundances of 
galaxies (number ratios relative to hydrogen) are shown. The observational 
data (grey dashed line) are from Tremonti et al. ( 2004 ) with the ‘KD02’ scale 
in K e wley & Ellison ( 2008 ), and from Curti et al. ( 2020 ) (brown dashed line). 
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Our thermal and stochastic models tend to o v erproduce metals
ompared with the local observations (black dashed line, with the
rey shade for 1 σ ) taken from Zahid et al. ( 2017 ). Our kinetic
eedback is not producing enough metals due to the lower SFR
nd not keeping enough metals in stars because of the kick velocity
hat drives the metals out of the galaxy. Among our four models,

echanical feedback gives the closest matches to the observed
elation from Zahid et al. ( 2017 ) at z = 0, with this resolution.

e aim to confirm this by running even higher resolution in a larger
olume of cosmological simulations in our future work. 

.5.2 Gas phase 

ig. 9 shows the gas-phase MZRs with our four feedback models.
e calculate the gas-phase ‘metallicity’ of galaxies by measuring

he gas oxygen abundance within 15 kpc from each galactic centre,
eighted by the SFRs of gas particles to compare with observations,
hich are weighted by emission lines. Not many gas particles are

orming stars with the current simulation volume and resolution,
articularly at the massive end. Therefore, we have limited data
oints for SFR-weighted gas-phase metallicities. Consequently, we
how the metallicities of galaxies (points), in addition to a fit (linear
t of medians; solid lines) in Fig. 9 . The solar oxygen abundance
dopted for our nucleosynthesis yields is ∼ 8.76. At z = 0, the
inetic feedback gives the highest gas-phase metallicity ( ∼9.1 dex),
hich is possibly due to the strong ejection of metal-poor gas. From

his figure (namely scatter plot), we can conclude that for relatively
ow mass galaxies at ∼10 9 M �, the thermal and mechanical feedback
re in reasonably good agreement with the observed gas-phase MZR
rom K e wley & Ellison ( 2008 ) (grey dashed line). The stochastic
NRAS 527, 3276–3290 (2024) 
eedback seems to give a shallower slope than observed. With the
echanical feedback, higher mass galaxies ( ∼10 10 M �) tend to have

lightly lower metallicities than in K e wley & Ellison ( 2008 ), and
re more comparable with Curti et al. ( 2020 )’s observation (brown
ashed line). 
It is important to note that while the shape of the stellar and gas-

hase MZR is relatively robust against the methods used for the
etallicity determination, the absolute amplitude of the stellar and

as-phase metallicity measurement of galaxies is still quite uncertain
e.g. Goddard et al. ( 2017 ) for stellar metallicity measurements with
ifferent stellar population synthesis codes and stellar templates
nd Maiolino & Mannucci ( 2019 ) for a re vie w of the various
ethods for the gas-phase metallicity determination]. This can also

e seen in Figs 10 and 11 , where multiple sources of the metallicity
easurements are included. It is very important to obtain the absolute

alues of metallicities of both stellar and gas phase in observations. 

.5.3 Stellar MZR evolution 

ig. 10 shows the stellar MZRs from z = 0 to 3 for the four feedback
odels. At higher redshifts, all models systematically give lower
etallicities at a gi ven mass, sho wing very similar dif ferences among

he models ( ∼0.2 dex from z = 3 to 0). At all shown redshifts, the
hermal feedback al w ays produces slightly more metals than the
ther models. The low cosmic SFR with the kinetic feedback results
n significantly lower stellar metallicities than in the other models.
t the low-mass end, the stochastic feedback gives metallicities

lightly lower than the thermal feedback by ∼0.1 de x. Ov erall, the SN
eedback has a more significant impact on the metallicity at the low-
ass end, where low-mass galaxies eject more metals (Kobayashi et

l. 2007 ). 
The mechanical feedback seems to give the best match to the

bservations at z = 0, although the observed stellar metallicities at
igher redshifts are either lower or of galaxies with limited o v erlap in
ass compared to the model prediction. In the observ ations, massi ve

alaxies have supersolar metallicities at z = 0, which disappear at
 = 3. At z = 0, as already shown in Fig. 8 , our model agrees well
ith the latest analysis by Zahid et al. ( 2017 ), although these give

ignificantly higher metallicities than in Gallazzi et al. ( 2005 ). At
 = 0.7, although there is no o v erlap in the mass range, data from
allazzi et al. ( 2014 ) are more consistent with our kinetic model.
o we ver, this data set does not reject the other models if we consider

he significant offset between Zahid et al. ( 2017 ) and Gallazzi et al.
 2005 ) data at z = 0. We also note the large error bars of ∼0.2 dex for
hese data. Our mechanical model seems consistent with the Hubble
pace Telescope observations at z = 1.1–1.6 (Estrada-Carpenter et al.
019 ). These data suggest that the MZR has not significantly evolved
ince z ∼ 0 at least at the massive end, contrary to Gallazzi et al.
 2014 ) at z ∼ 0.7. At z = 3, the ultraviolet (UV) observations from
ullen et al. 2019 are for Fe abundances, are shifted by + 0.5 dex

aking account of [O/Fe], but still about 0.2 dex lower than our
redicted metallicities. 

.5.4 Gas-phase MZR evolution 

ig. 11 shows the gas-phase MZRs from z = 0 to 3 for the four
eedback models. Although there is a significant scatter, and the
ample is limited with our current resolution, there is an MZR at
ll redshifts. There is also a redshift evolution from z = 3 to 0,
here the metallicities decrease at higher redshifts notably for the
inetic feedback ( ∼1.4 dex). The thermal feedback has only a mild
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Figure 10. Evolution of the luminosity-weighted stellar MZRs with thermal (blue), stochastic (orange), kinetic (green), and mechanical (red) feedback models. 
The solid lines are for the medians, and the shaded areas show the 1 σ scatter. Observational data are taken from Zahid et al. ( 2017 ) ( z = 0), Gallazzi et al. ( 2005 ) 
( z = 0), Gallazzi et al. ( 2014 ) ( z = 1.2), and Cullen et al. ( 2019 ) ( z = 3, with + 0.5 dex shift for [O/Fe]). 

Figure 11. Evolution of the SFR-weighted gas-phase MZRs with thermal (blue; triangles), stochastic (orange; diamonds), kinetic (green; squares), and 
mechanical (red; circles) feedback models. The solid lines indicate the linear fit to the individual galaxies shown by the symbols with the same colour. 
Observational data are from Tremonti et al. ( 2004 ) ( z = 0) with the KD02 scale in K e wley & Ellison ( 2008 ) ( z = 0), Curti et al. ( 2020 ) ( z = 0), Yabe et al. 
( 2012 ) ( z = 1.4), Sanders et al. ( 2021 ) ( z ∼ 2–3), and Li et al. ( 2023 ) ( z ∼ 2–3). 

Figure 12. Evolution of the young stellar MZRs (solid lines) comparing to the gas-phase metallicities (symbols, the same as in Fig. 11 ). The solid lines are the 
medians of the luminosity-weighted stellar MZRs for stars younger than 0.1 Gyr, and the shaded areas show the 1 σ scatter. 
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volution ( ∼0.05 dex), and the stochastic and mechanical feedback 
ave a significant evolution ( ∼0.2 dex). At high redshifts, most low-
ass galaxies have fast star formation enriching their ISM. Ho we ver,

he kinetic feedback suppresses this star formation, which leads to 
nly a few metal-poor low-mass galaxies. As discussed previously, 
he drastic change in the kinetic feedback model occurs exactly after 
 = 1 removing metal-poor gas and causing the metal-rich ( ∼9.1
ex) galaxies (green squares) at z = 0. 
To verify the consistency between the stellar and gas-phase 
etallicities, we also show the metallicities of young stars since 

hese are expected to be consistent with the metallicities of gas from
hich the stars were born. In Fig. 12 , we show the MZRs of young

tars ( < 0.1 Gyr), comparing to the simulated gas-phase metallicities
symbols) and the observed gas-phase MZRs (dashed lines) at each 
edshift. The young stellar MZRs (solid lines) agree well with the
imulated gas-phase metallicities. At z = 0, the mechanical feedback 
MNRAS 527, 3276–3290 (2024) 
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ncreases with mass, similar to the observed MZRs. At higher
edshifts, the kinetic feedback fits better, as in Fig. 11 . Note that
o line is plotted for the kinetic feedback at z = 0 because not many
oung stars form with the kinetic feedback. 
The dashed lines represent observational data at various redshifts,

hich may be suffered by the uncertainties of the analysis methods,
s already discussed. All observational data have been converted
or the Kroupa IMF. At z = 0, our mechanical feedback model
ost agrees with observed data from Tremonti et al. ( 2004 ) with

he KD02 scale in K e wley & Ellison ( 2008 ), which gives 0.5–0.6
ex higher metallicities than in Curti et al. ( 2020 ). At z = 1.4,
lthough we only have galaxies at the low-mass end, we compare
ith observational data from Yabe et al. ( 2012 ) [converted to the
ethod from K e wley & Dopita ( 2002 ) with the procedure given by
 e wley & Ellison ( 2008 )] for massive galaxies. Then, we find that

he metallicity trend is comparable to our models. At higher redshifts,
he MOSDEF (MOSFIRE Deep Evolution Field, Sanders et al. 2021 )
nd GLASS (Grism Lens-Amplified Surv e y from Space) surv e y with
IRISS (Near Infrared Imager and Slitless Spectrograph) on the

WST (Li et al. 2023 ) showed ∼0.1 and ∼0.07 dex evolution from
 ∼ 2 to z ∼ 3, respectively, which is larger than in all our models
 ∼0.07 de x), e xcept for the kinetic. The kinetic feedback model
ts well with the latter, but as discussed previously, this model is
nderproducing stars, so this matching does not necessarily support
inetic feedback of SNe. 

 C O N C L U S I O N S  

mplementing four different methods of SN feedback into our self-
onsistent cosmological chemodynamical simulations, we confirm
hat the modelling of feedback has a great impact on the MZRs,
nd can be constrained by spectroscopic observations of galaxies.
n order to minimize other uncertainties, we have used the latest
ucleosynthesis yields that can reproduce the observed elemental
bundances of stars in the Milky Way (Kobayashi, Leung & Nomoto
020a ; Kobayashi et al. 2020b ), and aim to reproduce the stellar and
as-phase metallicities simultaneously. 

We compare four SN feedback models: the classic thermal and
inetic models, where SN energy is either ejected in pure thermal
orm or with a partial kinetic kick; the stochastic model, similar
o Dalla Vecchia & Schaye ( 2012 ), which heats a random number
f neighbour gas particles with a fixed energy increase; and the
echanical model from Hopkins et al. ( 2018 ), which considers the
ork done during the Sedov–Taylor phase of SN expansion. After
erforming a parameter study (Appendix A ), we choose the following
ducial parameters from the observed cosmic SFRs (Section 2.4 ):
 = 1 per cent , f = 50, and f = 1 per cent for kinetic, stochastic,
nd mechanical feedback models, respectively. Cosmic SFRs are
ignificantly reduced with the kinetic feedback, which is too strong
nd is not producing enough stars, even with only a tiny fraction of
N energy converted to a kick velocity. On the other hand, thermal
nd stochastic models are slightly o v erproducing stars at z � 2.
echanical feedback gives a better match to the observed cosmic

FRs (Fig. 6 ). 
Despite fairly similar cosmic SFRs, we find a drastic change in the

eating history of the ISM at z ∼ 1 with the kinetic feedback, and at
 ∼ 0.5 with the stochastic feedback. This can be clearly seen in the
as-phase space diagram (Figs 4 and 5 ) as the hot diffused gas, as
ell as in the spatial distribution of temperatures (Fig. 2 ). The spatial
istribution of metals (Fig. 3 ) are fairly similar, except for the kinetic
eedback. 
NRAS 527, 3276–3290 (2024) 
Galaxy MZRs are greatly affected by the SN feedback models.
trong SN feedback makes star formation inefficient in the galaxy,
hich results in lower stellar metallicities of galaxies (Fig. 8 ).
o we ver, this is not the case for gas-phase metallicities, particularly
ith kinetic feedback (Fig. 9 ). We find that young ( < 0.1 Gyr) stellar
etallicities are consistent with the gas-phase metallicities. Consid-

ring both stellar and gas-phase MZRs, our mechanical feedback
eems the most plausible in order to explain the observational data
f present-day galaxies. 
Finally, we show the time evolution of the MZRs. As expected,

oth stellar and gas-phase metallicities become lower at higher
edshifts in all feedback models. With our mechanical feedback, the
redicted evolution of stellar MZR is in reasonably good agreement
ith the observations up to z ∼ 3 (Fig. 10 ). Our kinetic feedback
odel gives too low stellar metallicities at all redshifts. For the gas-

hase MZR, we find too large evolution in the kinetic model from z

3 to 0, and less prominent evolution for the other models (Fig. 11 ).
he available observations at z > 1 seem rather consistent with the
inetic model, and we will investigate this further by comparing
igher resolution and larger volume simulations to distant galaxies
ith the JWST as well as those of a large sample from ongoing and

uture spectroscopic galaxy surv e ys on ground-based telescopes. 
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PPEN D IX  A :  STAR  F O R M AT I O N  RATES  

e have chosen the fiducial model parameters in order to match the
bserved cosmic SFR history. Fig. A1 shows the SFRs as a function
f redshift for different values of the feedback parameter f as obtained
or thermal, kinetic, stochastic, and mechanical feedback models, in 
anels (a), (b), (c), and (d), respectiv ely. F or this figure, we use a
esolution of N gas = N DM 

= 96 3 . All curves show a peak in the
FRs at z ∼ 3. The box size in our simulation is limited due to

he computation time. As a result, it does not include the formation
f v ery massiv e g alaxies and g alaxy clusters at low redshifts. This
 xplains the observ ed SFR peaks around z ∼ 2–3, which are expected
o be more consistent with observations for a larger simulation 
olume. For the kinetic and mechanical models, a larger f results in a
ore efficient formation across cosmic time, but not for the stochastic
odel. The results of our parameter study can be summarized as

ollows. 

(i) Fig. A1 (a) shows the SFR for the thermal feedback. The SFR
ncreases from z ∼ 10 to z ∼ 3. It decreases from z ∼ 3 to the present
ay because of the following: (1) More gas has already turned into
tars, (2) more SN feedback suppressing star formation, and (3) more
GN feedback. 
(ii) Fig. A1 (b) shows the cosmic SFR with the kinetic feedback for

if ferent parameter v alues f . It sho ws that at high redshifts, the slope
s the same for all parameters, as stars have not formed yet in these
imulations. The feedback impact can only be seen after sufficient 
tar formation has occurred, i.e. around redshift z = 6. At redshift
 ≤ 6, star formation is suppressed too much for f > 30 per cent .
hen, the SFR slightly increases around z = 3. This wave-shaped
FR history is explained independently of the feedback method by 
elf-regulation: strong feedback suppresses star formation, resulting 
n less stellar feedback, which will, in return, increase star formation
starting roughly at z ∼ 4 depending on the parameters). For a small
arameter f < 30 per cent , the SFR increases from z ∼ 6 to z ∼
, where the feedback starts suppressing star formation. The kinetic 
odel with f = 0 . 1 per cent gives similar results to the thermal

eedback. In order to demonstrate the impact of the kinetic part, we
hoose to use f = 1 per cent as our fiducial parameter. Overall, the
inetic feedback in our simulation is too strong and suppresses star
ormation too much, as even with f = 1 per cent , the SFR peak
emains too low compared to the observations. 

(iii) Fig. A1 (c) shows the cosmic SFR applying the stochastic 
eedback with different parameter values f . The SFR is larger for
 larger f . This may be explained using equation ( 3 ) where the
nergy increase � e is proportional to f . Thus, a large f results in
 large � e , which yields the right-hand side of equation ( 4 ) to be
mall. Therefore, for a large f , equation ( 4 ) is rarely satisfied. Hence,
nly a small number of particles receive the energy increase and
re impacted by the feedback. When the condition is not satisfied,
eedback does not impact the gas particles, which do not receive
eating energy. The particles keep getting cool by following the 
ooling function until their temperature reaches 10 4 K. Once the 
articles are cool, the pressure is lost, the mater collapses towards
he cooling particles where the density increases, and then the cooling 
ate becomes high (i.e. it accelerates the cooling). These features are
hown in the star-forming region (low temperature and high density) 
f the gas-phase space diagram (Fig. 4 ). 
(iv) Finally, mechanical feedback SFR is shown in Fig. A1 (d), 

here we retrieve a similar behaviour as for the kinetic feedback, but
lightly less efficient. We also find that this method is more affected
y numerical resolutions than the other models, and have presented 
igher resolution results only in the previous sections. 

For each method, we select the following fiducial parameters: 
 = 1 per cent (kinetic feedback), f = 50 (stochastic feedback), and
 = 1 per cent (mechanical feedback). 
MNRAS 527, 3276–3290 (2024) 

http://dx.doi.org/10.1088/0004-637X/788/1/72
http://dx.doi.org/10.1093/mnras/181.3.375
http://dx.doi.org/10.1093/mnras/stw3371
http://dx.doi.org/10.1086/191344
http://dx.doi.org/10.1093/mnras/stu1738
http://dx.doi.org/10.1093/mnras/sty674
http://dx.doi.org/10.1086/171366
http://dx.doi.org/10.1046/j.1365-8711.2003.06711.x
http://dx.doi.org/10.1086/341326
http://dx.doi.org/10.1086/587500
http://dx.doi.org/10.1093/mnras/stv1211
http://dx.doi.org/10.1111/j.1365-2966.2004.07258.x
http://arxiv.org/abs/2302.07255
http://dx.doi.org/10.1111/j.1365-2966.2007.11555.x
http://dx.doi.org/10.3847/1538-4357/ab8e44
http://dx.doi.org/10.3847/1538-4357/abae65
http://dx.doi.org/10.1093/mnras/169.2.229
http://dx.doi.org/10.1093/mnras/stx2829
http://dx.doi.org/10.1093/mnras/stad502
http://dx.doi.org/10.1086/112164
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1007/s00159-018-0112-2
http://dx.doi.org/10.1086/110634
http://dx.doi.org/10.1093/mnras/265.2.271
http://dx.doi.org/10.1146/annurev-astro-021820-120014
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1086/152650
http://dx.doi.org/10.3847/1538-4357/abf4c1
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1088/0004-637X/772/2/112
http://dx.doi.org/10.1093/mnras/sty994
http://dx.doi.org/10.1046/j.1365-8711.2003.06206.x
http://dx.doi.org/10.1016/S1384-1076(01)00042-2
http://dx.doi.org/10.1046/j.1365-8711.2001.04912.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09238.x
http://dx.doi.org/10.1093/mnras/sty1353
http://dx.doi.org/10.1086/191823
http://dx.doi.org/10.1098/rspa.1950.0049
http://dx.doi.org/10.1093/mnras/stu983
http://dx.doi.org/10.1093/mnras/stv139
http://dx.doi.org/10.1093/mnras/stw2157
http://dx.doi.org/10.1093/mnras/staa1904
http://dx.doi.org/10.1086/423264
http://dx.doi.org/10.1086/170483
http://dx.doi.org/10.1093/mnras/183.3.341
http://dx.doi.org/10.1086/171836
http://dx.doi.org/10.1093/pasj/64.3.60
http://dx.doi.org/10.3847/1538-4357/aa88ae


3288 D. Ibrahim and C. Kobayashi 

M

Figure A1. Cosmic SFRs for thermal, kinetic, stochastic, and mechanical feedback models in panels (a), (b), (c), and (d), respectiv ely. F or each model, we 
explore a wide range of feedback parameter f . The grey cross and magenta plus are observational data taken from Madau & Dickinson ( 2014 ) and Driver et al. 
( 2018 ), respectively, from far-UV to mid-IR. 
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PPENDIX  B:  STELLAR  META LLICITIES  

n what follows, we compare the impact of the feedback parameter f
n the stellar MZR at z = 0 for each model. 

(i) The MZR for thermal feedback is shown in Fig. B1 (a),
omparing the luminosity-weighted metallicity (blue) with the
ass-weighted metallicity (orange). There is a 0.2 dex offset; the

uminosity-weighted metallicity is higher because it is weighted for
oung and metal-rich stars. 
(ii) Fig. B1 (b) shows the MZRs using the kinetic feedback model

ith different parameter values f . It shows that o v erall the metallicity
s al w ays lower than the observed MZR. The metallicity is lower for
tronger kinetic feedback (larger f ) because a large kinetic velocity
NRAS 527, 3276–3290 (2024) 
jects more outflo ws, dri ving the metal-enriched gas out of the galaxy.
s explained above, this difference is more visible in low-mass
alaxies. 

(iii) Fig. B1 (c) shows the MZRs with the stochastic feedback. At
he high-mass end, the MZR is not impacted by the parameter f
nd the metallicities are al w ays higher than observed. Lower mass
alaxies ( M < 10 9 M �) have higher metallicities with a larger f . This
grees with what is discussed abo v e for the SFR with the stochastic
eedback where a larger f produces more star formation, enhancing
he metallicities. 

(iv) Finally, the mechanical feedback MZRs are shown in Fig.
1 (d), where we retrieve a similar behaviour as for the kinetic

eedback. The metallicities are higher for a smaller f . 
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Figure B1. Stellar MZRs for thermal, kinetic, stochastic, and mechanical feedback models are shown in panels (a), (b), (c), and (d), respectiv ely. F or the thermal 
feedback (a), we compare luminosity-weighted metallicity (blue) with mass-weighted metallicity (orange). For (b), (c), and (d), we explore a wide range of 
feedback parameter f , at z = 0. The black dashed line and shaded are optical observational data taken from Zahid et al. ( 2017 ) of star-forming galaxies in the 
SDSS at z = 0. 
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PPEN D IX  C :  AG E  D E P E N D E N C E  O F  T H E  

TELLAR  M Z R S  

n Section 3.5.4 , we have shown that young stellar MZRs are roughly
onsistent with gas-phase MZRs at z = 0. Here, we show the MZR
ependence on the age-unfolding at various redshifts, which might 
ndicate when the stellar MZR is established. 

Fig. C1 compares the stellar MZRs with different stellar ages 
ages of star particles) for the four feedback models. A clear time
volution is seen; younger stars tend to have higher metallicities. 
tars <0.1 Gyr (blue line) look less metal-rich than green and orange

ines at the massive end because of the small sample. The MZRs
f stars younger than ∼1 Gyr are consistent with simulated gas-
hase metallicities (grey points) at all redshifts. At z ∼ 3, MZRs
ith 0.1–1 Gyr old stars (orange line) show a similar slope as the
ther MZRs plotted in this figure; these stars have formed around z 

5. At z ∼ 2, MZRs with 1–2 Gyr old stars (green line) show
ignificantly lower metallicities with a larger scatter; these stars 
ave formed around z ∼ 5. These might mean that MZRs are
stablished at z ∼ 5, which might be consistent with the lack of a
lear MZR in the recent JWST observations of z ∼ 8 galaxies (Curti
t al. 2023 ). Better statistics would be required to investigate this
urther. 
MNRAS 527, 3276–3290 (2024) 
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Figure C1. Evolution of luminosity-weighted stellar MZRs of galaxies with different ages of star particles: <0.1 (blue), 0.1–1 (orange), 1–2 (green), and 
5–6 Gyr (red), comparing to the gas-phase metallicities of galaxies (grey points). From top panel to bottom, the figure shows thermal, stochastic, kinetic, and 
mechanical feedback models. The solid lines are for medians, and the shaded areas show the 1 σ scatter. The dashed lines represent the same observational data 
for the gas-phase MZRs as in Fig. 11 . 
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