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A B S T R A C T 

Low-metallicity stars give rise to unique spectacular transients and are of immense interest for understanding stellar evolution. 
Their importance has only grown further with the recent detections of mergers of stellar mass black holes that likely originate 
mainly from low-metallicity progenitor systems. Moreo v er, the formation of low-metallicity stars is intricately linked to galaxy 

evolution, in particular to early enrichment and to later accretion and mixing of lower metallicity gas. Because low-metallicity 

stars are difficult to observe directly, cosmological simulations are crucial for understanding their formation. Here, we quantify 

the rates and locations of low-metallicity star formation using the high-resolution TNG50 magnetohydrodynamical cosmological 
simulation, and we examine where low-metallicity stars end up at z = 0. We find that 20 per cent of stars with Z ∗ < 0 . 1 Z � form 

after z = 2, and that such stars are still forming in galaxies of all masses at z = 0 today. Moreo v er, most low-metallicity stars 
at z = 0 reside in massive galaxies. We analyse the radial distribution of low-metallicity star formation and discuss the curious 
case of seven galaxies in TNG50 that form stars from primordial gas even at z = 0. 

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

as in the pristine Universe consists primarily of hydrogen and
elium, the main products of big bang nucleosynthesis (e.g. Iocco
t al. 2009 ; Cyburt et al. 2016 ). Over time, generations of stars
nrich the interstellar medium and intergalactic space with heavier
lements, often collectively referred to as ‘metals’ (Burbidge et al.
957 ). Understanding how the metallicity, which is the relative
b undance of hea vy elements to hydrogen, increases with time
s a central question in astrophysics (e.g. Nomoto, Kobayashi &
ominaga 2013 ; Maiolino & Mannucci 2019 ) that connects many
ifferent areas from stellar astrophysics to galaxy evolution and 
osmology. 

Stars and gas can both be studied to infer the metallicity evolution
f galaxies and the Universe as a whole. Both are strongly coupled,
ut carry slightly different information (Peeples et al. 2014 ; Tum-
inson, Peeples & Werk 2017 ). The stars tell us about the gas-phase
etallicity at the point in time when they formed, while the gas tells

s about the gas-phase metallicity at the current time. 
The connection between the average gas-phase metallicity of

 galaxy and its stellar mass has been studied e xtensiv ely (e.g.
remonti et al. 2004 ; K e wley & Ellison 2008 ; Kirby et al. 2013 ;
aiolino & Mannucci 2019 ) for a broad range of galaxy stellar
 E-mail: rpakmor@mpa-garching.mpg.de 
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asses. This so-called mass-metallicity relation is also present
n modern numerical simulations and qualitatively consistent with
bservations (see e.g. Lagos et al. 2016 ; Torrey et al. 2019 ; Fontanot
t al. 2021 ), though significant uncertainties remain between results
rom dif ferent observ ational methods (K e wley & Ellison 2008 ; Strom
t al. 2018 ; Cresci, Mannucci & Curti 2019 ; Curti et al. 2020 ;
eimoorinia et al. 2021 ). 
In the most simplified picture, the gas metallicity of a galaxy is

et by cycles of self-enrichment, i.e. the stars in a galaxy produce
etals and return them back into the gas phase of the galaxy, thereby

nriching it and increasing the metallicity of later generations of stars.
ince a significant amount of metals is produced in and released from
assive stars with short lifetimes of only a few Myr, this cycle of

nrichment can operate on timescales that are short compared to the
volutionary time-scale of the galaxy. 

Of course, in detail, the processes that set the metallicity of star-
orming gas in galaxies are more complicated. They include the
ccretion of lower metallicity gas from the circumgalactic medium
urrounding galaxies; mixing between newly accreted, existing, and
ecently enriched gas; and galactic outflows that can carry significant
mounts of metals away from the galaxy before they can be locked
nto new stars, but that can be reaccreted later. All of these processes,
oth individually and their interplay together, are an area of active
esearch for hydrodynamical simulations (e.g. van de Voort 2017 ;
rand et al. 2019 ; Torrey et al. 2019 ; Agertz et al. 2020 ; Emerick,
ryan & Mac Low 2020 ). 
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Low-metallicity stars are the focus of many studies in stellar as-
rophysics and cosmology . Specifically , understanding when, where, 
nd at what rate metal-poor stars form throughout cosmic time is
ritical to many active topics of research. F or e xample, e xtreme
tellar transients, such as long gamma-ray bursts and superluminous 
upernovae, appear to fa v our low-metallicity environments (e.g. 
ruchter et al. 2006 ; Lunnan et al. 2014 ; Perley et al. 2016a , b ;
hen et al. 2017 ), as well as ultra-luminous X-ray sources and the
erging of massive stellar-origin black holes (BHs) that are now 

eing detected as gravitational wave sources (Prestwich et al. 2013 ; 
bbott et al. 2016 ). 
Metallicity is very important for the evolution of stars and their 

eath, and is thus not just a passive property, but rather a determiner
f their evolutionary pathways. This is particularly true for high 
ass stars that lose a large fraction of their mass o v er a few Myrs

ia radiati vely dri ven stellar winds, because the amount of mass they
ose in this way decreases with decreasing metallicity (Kudritzki, 
auldrach & Puls 1987 ; Vink, de Koter & Lamers 2001 ; Mokiem
t al. 2007 ; Vink & Sander 2021 ). At low metallicity, the winds
re weaker and the stars retain a larger fraction of their envelope,
roducing more massive remnants and often more spectacular and 
o werful e v ents when the y die (see e.g. Smartt 2009 ; Belczynski
t al. 2010 ; Anderson et al. 2018 ; Vink 2018 ; Shen, Quataert &
akmor 2019 ; Sk ́ulad ́ottir et al. 2021 ). 
Moreo v er, metallicity also affects the interior structure of stars.

n the outer layers of the stars, heavy elements are only partially
onized, making them efficient sources of opacity via bound-bound 
nd bound-free transitions that can drive convection zones (e.g. 
antiello et al. 2009 ) and impact the radial expansion of stars (e.g.
 ̈otberg, de Mink & Groh 2017 ). Deeper inside stars, certain heavy

lements, namely C, N, and O, can act as catalysts for hydrogen
usion. The abundance of these heavy elements directly affects the 
fficiency of the nuclear reactions and as a result the structure of a
tar. Consequently, metal-poor stars are generally more compact and 
otter, at least during their early evolutionary phases (see e.g. Heger 
t al. 2003 ; G ̈otberg et al. 2017 ). 

Today star formation from low-metallicity gas (i.e. significantly 
elow solar metallicity) is significantly smaller than at higher 
edshift. Therefore, young low-metallicity stars and the transients 
hat follow them constitute a small fraction of all stars and transients
hat are visible in the local Uni verse. Ho we ver, current surveys
ike E-PESSTO (Smartt et al. 2015 ) and ZTF (Bellm et al. 2019 ;
raham et al. 2019 ) and new telescopes like LSST that will become
perational in the near future are disco v ering a large number of new
ransients, including more distant and very rare events from rare 
ources (Qin et al. 2022 ). Moreo v er, third-generation GW detectors
romise to observe stellar mass BH mergers out to z > 100 (e.g.
athyaprakash et al. 2019 ; Maggiore et al. 2020 ). 
To better understand the sources of events that are thought to 

riginate from low-metallicity stars, to constrain their rates, and 
o find their most likely locations in the Universe, it is crucial to
uantify how many low-metallicity stars have formed in the Universe, 
ow their formation rate evolves over time, and what their current 
ormation rate is. Moreo v er, we want to understand which host
alaxies still form low-metallicity stars today, in which galaxies 
he y hav e predominantly formed in the past, and where the old low-

etallicity stars reside today. 
Since newly formed stars in the present-day Universe are domi- 

ated by solar metallicity stars, and old low-metallicity stars are faint 
ompared to young stars, observing the population of low-metallicity 
tars directly is challenging. Instead, we can use cosmological sim- 
lations that reproduce known constraints on the global enrichment 
f the Universe to learn about the properties of the population of
ow-metallicity stars. 

There is a long history of using dark matter-only simulations either
n combination with analytical or semi-analytical models to constrain 
he low-metallicity end of stars in the Milky Way and similar galaxies,
ften with a focus on the first generation of stars (Pop III; White &
pringel 2000 ; Hernandez & Ferrara 2001 ; Diemand, Madau &
oore 2005 ; Scannapieco et al. 2006 ; Brook et al. 2007 ; Cooper

t al. 2010 ; Hartwig et al. 2015 ). 
The last several years have seen dramatic improvements to large- 

cale cosmological hydrodynamical simulations of galaxies. Today, 
tate-of-the-art simulations are able to reproduce many of the global 
roperties of galaxies and their scaling relations for a representative 
ortion of the universe (see e.g. Genel et al. 2014 ; Vogelsberger et al.
014b , a ; Schaye et al. 2015 ; Dubois et al. 2016 ; Dav ́e et al. 2019 ;
elson et al. 2019b ). 
Such hydrodynamical models have been used already to under- 

tand in detail the evolution of the average stellar metallicity of
alaxies with stellar mass, the mass-metallicity relation, gas-phase 
etallicity gradients in galaxies and found that the simulations are in

ood agreement with observations (see e.g. Lagos et al. 2016 ; Tissera
t al. 2019 , 2022 ; Torrey et al. 2019 ; Hemler et al. 2021 ). These
tudies, ho we ver, focused on the average stellar and gas metallicity
f galaxies. They largely ignored the low-metallicity tail, which is 
nteresting in itself even though it is essentially irrele v ant for average
roperties of all but the smallest galaxies. 
Owing to the complex internal structure of the interstellar medium 

see e.g. the recent result that indicates a significant scatter o v er at
east one order of magnitude in the gas phase metallicity in the MW,
e Cia et al. 2021 ), we cannot easily tell how man y, if an y, low-
etallicity stars are still forming in typical present-day galaxies with 

olar metallicity by looking at their average properties. Nor can we
asily constrain how many low-metallicity stars a galaxy has formed 
n the past before it was enriched to its current metallicity. 

Here, we attempt to shed light on this problem by presenting
 census of low-metallicity star formation in the cosmological 
agnetohydrodynamical simulation IllustrisTNG50 (or TNG50 for 

hort; Pillepich et al. 2019 ; Nelson et al. 2019b ). We are interested
n both the instantaneous rate at which ne w lo w-metallicity stars
re formed, as well as the population of old low-metallicity stars in
alaxies at z = 0. Besides informing us about galaxy physics, the
nstantaneous star formation rate in the local Universe is directly 
onnected to transients with short delay times of up to tens of Myr,
or example originating from massive stars. 

We note that long delay time transients with typical delay times
f Gyr are, in contrast, connected to the cumulative past formation
ate of their progenitor systems. Moreo v er, their spatial distribution
epends on the spatial distribution of old stars, which is influenced by
he dynamical evolution of the host galaxy, including, for example, 
y galaxy mergers or internal disc instabilities. 
This paper is structured as follows. We review the simulation mod-

ls in Section 2 . We then discuss the global metallicity-dependent 
osmic star formation history in Section 3 in order to understand how
any low-metallicity stars the universe has formed so far, and when

t formed them. In Section 4 , we analyse how both the metallicity-
ependent star formation rate density and the total mass of low-
etallicity stars at z = 0 depend on the stellar mass of their host

alaxies. We aim to understand in which galaxies low-metallicity 
tars typically form o v er cosmic time, and where they reside now.
e then investigate the spatial distribution of low-metallicity star 

ormation and stars in Section 5 . Finally, we present the curious case
f star formation from primordial gas at z = 0 in Section 6 , followed
MNRAS 512, 3602–3615 (2022) 
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y a discussion of the implications and uncertainties of our results in
ection 7 , and a summary of our conclusions in Section 8 . 
In this paper, we refer to metallicity as the sum of all elements

eavier than Helium, and assume a value of Z � = 0.0127 for the solar
etallicity (Wiersma et al. 2009 ; Vogelsberger et al. 2013 ; Naiman

t al. 2018 ). 

 SIMULATIONS  

llustrisTNG 

1 is a set of state-of-the-art cosmological magneto-
ydrodynamical simulations that evolve periodic boxes containing a
epresentative part of the universe from high redshift to the current
ime (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ;
illepich et al. 2018b ; Springel et al. 2018 ). The simulations of
llustrisTNG were run with the moving-mesh code AREPO (Springel
010 ; Pakmor et al. 2016 ; Weinberger, Springel & Pakmor 2020 ) and
volve the equations of ideal magneto-hydrodynamics on a Voronoi-
esh coupled to self gravity. In addition to ordinary gas, IllustrisTNG

ncludes dark matter, stars, and BHs as collision-less particles. 
IllustrisTNG employs a complex description of galaxy formation

hysics (Weinberger et al. 2017 ; Pillepich et al. 2018a ) to model
he various unresolved physical processes that exchange matter, mo-

entum and energy between gas, star particles, and BHs. The galaxy
ormation model is based on the Illustris (Vogelsberger et al. 2014b )
odel, with similarities to the Auriga (Grand et al. 2016 ) model. It

ncludes radiative cooling of the gas in the form of primordial and
etal-line cooling (Vogelsberger et al. 2013 ), an ef fecti ve subgrid
odel for star formation and the ISM (Springel & Hernquist 2003 ),
etal enrichment from stellar winds and supernovae, a heuristic
odel for supernov a-dri ven galactic winds (Pillepich et al. 2018a ),

nd a parametrization of the formation, growth, and feedback from
upermassive BHs (Weinberger et al. 2017 ). 

All the simulations start at z = 127 from a homogeneous
eriodic box with initial density fluctuations following the Planck
ollaboration ( 2016 ) cosmology ( � �, 0 = 0.6911, � m , 0 = 0.3089,
 b , 0 = 0.0486, σ 8 = 0.8159, n s = 0.9667, and h = 0.6774). In

his work, we focus on TNG50, the highest resolution box of the
llustrisTNG project (Nelson et al. 2019b ; Pillepich et al. 2019 ). The
NG50 simulation box evolves a comoving volume of 35 3 Mpc h −3
ith a baryonic mass resolution of 5 . 8 × 10 4 M � h −1 and a dark
atter mass resolution of 3 . 1 × 10 5 M � h −1 down to z = 0. The

ravitational softening length of dark matter and star particles is
00 pc h −1 at z = 0, whereas the minimum softening of gas cells is
0 pc h −1 . The combination of mass and spatial resolution reached
y TNG50 is comparable to state-of-the-art zoom simulations of
ingle galaxies (Grand et al. 2016 ). This high and uniform mass
esolution in a large volume allows for a largely unbiased study of
he full galaxy population o v er a large range of galaxy masses and 
ypes. 

We use the friends-of-friends (FoF) and SUBFIND (Springel et al.
001 ) group finding algorithms to identify bound structures in the
imulation. For this paper, we will refer to FoF groups as haloes, and
o gravitationally bound structures identified by SUBFIND within
hem as galaxies. We define the mass of a halo as M 200, crit , i.e. the

ass contained within a sphere around the centre of the halo such
hat the mean density in the sphere is equal to 200 times the critical
ensity of the univ erse. Moreo v er, we define the stellar mass of
alaxies as the total mass of all star particles bound to a galaxy, and
NRAS 512, 3602–3615 (2022) 

 The simulations of the IllustrisTNG project are fully publically available at 
ttps://www.tng-pr oject.or g/ (Nelson et al. 2019a ). 

W  

t  

m  

s  
he average stellar or gas metallicity of a galaxy as the mass-weighted
ean metallicity of all star particles or gas cells that are bound to the

alaxy. 
In TNG50, gas abo v e a threshold density of n H � 0.1cm 

−3 stochas-
ically forms stars according to the Kennicutt–Schmidt relation.
ypically, when a cell forms stars, the entire cell is converted to a
tar particle that inherits the cell’s mass, momentum, and metallicity.
hese star particles therefore have a mass of around 8 . 5 × 10 4 M �,

he same as the baryonic mass resolution. 
Star particles are treated as average stellar populations with a

habrier IMF (Chabrier 2003 ) with a maximum stellar mass of
20 M � and continuously return mass and metals to the local gas
ollowing stellar population models (Pillepich et al. 2018a ). All stars
ontribute to the chemical enrichment. In practice, metal-rich gas
s injected into all cells within a sphere around the star particle
hat contains 64 gas cells. In other words, in TNG50, metals newly
jected from a star particle are mixed into the 5 × 10 6 M � of gas
round it. While this process takes place, the mass of the star particle
s correspondingly reduced, but its metallicity is kept fixed. The
aximum fraction of mass that star particles (which represent a

ypical stellar populations) can lose is approximately 50 per cent , so
o star particle is ever destroyed completely. The star particles present
t z = 0 therefore encode the complete history of star formation o v er
he entire evolution of the universe. We note that the initial metallicity
f the simulation is set to a mass fraction of Z = 10 −10 for all elements
xcluding hydrogen and helium, in order to account for unresolved
arly enrichment by PopIII stars, which is not explicitly followed by
he simulation. 

The mixing of metals is treated fully self-consistently in the
ramework of magnetohydrodynamics, as a part of the mass fluxes
etween cells. The high resolution and Lagrangian nature of the
NG50 simulation reduces numerical mixing of metals due to finite

esolution effects compared to lower resolution simulations or more
if fusi ve schemes. This also allows us to better follow metallicity
uctuations in the simulation. 
The IllustrisTNG simulations have originally been calibrated to

eproduce the observed total cosmic star formation rate density of
he Universe and the stellar mass function of galaxies (Pillepich et al.
018a ) at the resolution of TNG100. Note that although the TNG
imulations are qualitatively consistent between the three flagship
uns TNG300, TNG100, and TNG50, there are systematic trends
ith resolution. In particular, higher resolution TNG simulations

ystematically produce more stars in the same haloes, by about
0 −50 per cent at z = 0 between TNG300 and TNG100, and galaxies
t the same stellar mass are smaller in higher resolution TNG
imulations (Pillepich et al. 2018b ; Zhao et al. 2020 ). 

Notably rele v ant for this work, the TNG simulations have been
hown to be consistent with the iron abundance (Naiman et al. 2018 ),
he sizes of galaxies and their evolution with redshift (Genel et al.
018 ), and with the mass–metallicity relation of galaxies up to z = 2
Torrey et al. 2019 ) for TNG100, and the metallicity gradients within
alaxies at low redshift (Hemler et al. 2021 ) for TNG50. Here, we
oncentrate on the TNG50 simulation and discuss resolution effects
pecifically in Section 6 . 

 H OW  D O E S  T H E  COSMI C  STAR  F O R M ATI O N  

I STORY  DEPEND  O N  METALLI CI TY?  

e first examine the evolution of the global star formation rate with
ime, split up by metallicity, in order to quantify how many low-

etallicity stars are formed in TNG50 o v erall. The low-metallicity
tar formation rate at any given time is directly connected to the

https://www.tng-project.org/


Low-metallicity stars in TNG50 3605 

Figure 1. Cosmic star formation rate density of TNG50 in bins of lookback time and gas metallicity, measured from the gas directly. The two panels in the top 
ro w sho w the same cosmic star formation rate density with a linear time axis (left-hand panel) and logarithmic redshift axis (right-hand panel). The grey solid 
and dashed lines show the maximum and 2 σ percentiles of the distribution, respectively. The bottom panels show slices through the same data cube. The bottom 

left panel shows the cosmic star formation rate density at different redshifts, the bottom right panel shows the cosmic star formation rate density integrated over 
metallicity for different metallicity cuts. Most stars are formed at solar metallicity after z = 6, but stars with a metallicity as low as 10 −2 Z � are still forming at 
z = 0. 

r
M  

u  

f

a  

p  

p  

d  

f  

s  

c  

1  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/3602/6549575 by C
ardiff U

niversity user on 12 M
ay 2022
ate of short delay time transients from low-metallicity channels. 
oreo v er, the cumulativ e number of stars formed at low metallicity

p to a certain redshift will set the rate of long delay time transients
rom low-metallicity channels at this redshift. 

The evolution of the global star formation rate density with time 
nd metallicity in the full TNG50 simulation box is shown in the top
anels of Fig. 1 . We display it twice, with a linear time axis (top left
anel), and a logarithmic redshift axis (top right panel), to emphasize
ifferent epochs of the evolution of the simulated universe. The star
ormation rate density is computed as the sum of the instantaneous
tar formation rates of all cells at a given time, i.e. each vertical
olumn is computed from one time slice of the simulation. Note that
.8 × 10 −3 of the star formation at redshifts z < 2 happens at a
etallicity Z > 10 Z �. 
MNRAS 512, 3602–3615 (2022) 
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Figure 2. Percentage of stellar mass with metallicity smaller than 0 . 1 Z �
versus stellar mass with metallicty larger than Z � for all stars formed at 
redshifts below z = 10 (red), z = 3 (green), and z = 0.5 (blue). Data are 
shown for the most extreme observation-based models from Chruslinska & 

Nelemans ( 2019 ; crosses), the new models from Chru ́sli ́nska et al. ( 2021 ; 
plusses) and for the simulations TNG50 (circles), Illustris (Vogelsberger et al. 
2014b ; squares), Simba (Dav ́e et al. 2019 ; diamonds), and Eagle (Schaye 
et al. 2015 ; triangles). The various cosmological simulations are generally 
consistent with each other and with some of the observation-based models. 
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The very first star particles form with the initial metallicity in
he centres of the first galaxies. The first massive stars then quickly
nrich their surroundings, and later generations of stars are born at
igher and higher metallicity. This self-enrichment proceeds rapidly
n the early universe. Shortly after reionization at z = 6, the peak
f the metallicity distribution of newly formed stars is already at a
etallicity Z > 0 . 1 Z �. It reaches solar metallicity around a redshift

f z = 2 and remains unchanged until z = 0, consistent with semi-
umerical enrichment models (Ucci et al. 2021 ). 
There is still a significant contribution of low-metallicity gas to the

otal star formation rate that slowly decreases with time. Even at z =
, a non-zero amount of star formation occurs at metallicities smaller
han 0 . 01 Z �. Note that the small decrement in the star formation rate
ensity after z = 6 at low metallicities Z < 10 −3 Z � is caused by
eionization heating up gas in low-mass galaxies and suppressing
heir star formation until they grow more massive and self-shielding
ecomes ef fecti ve. 
As explicitly shown in the lower left panel of Fig. 1 , the peak of

he metallicity-dependent star formation rate density remains close
o solar metallicity from z = 2 to z = 0. The distribution is not
ymmetric around its peak at solar metallicity, but has a much longer
ail to lower metallicities than to higher metallicities. The tail to
ow metallicities is well described by a power law that becomes
ignificantly steeper at later times. 

The time-dependent cosmic star formation rate density for all gas,
s well as for several metallicity cuts, is shown in the lower right
anel of Fig. 1 . The star formation rates for all these sets increase
ith time at high redshift, peak at different times, and then decrease

owards z = 0. The peak is reached earlier for lower metallicities.
n particular, star formation at low-metallicity ( Z gas < 0 . 1 Z �) peaks
round redshift z = 4, and star formation at very low metallicity
 Z gas < 0 . 01 Z �) already peaks at z = 6, close to reionization. Note
hat although the star formation rate at Z gas < 0 . 1 Z � is about two
rders of magnitude lower at z = 0 compared to its peak around
 = 4, about 20 per cent of the stars with Z ∗ < 0 . 1 Z � in TNG50 are
ormed after z = 2, compared to 40 per cent between z = 4 and z =
, and another 40 per cent before z = 4. Very low-metallicity stars, in
ontrast, form predominantly at high redshift, and only 3 per cent of
ll stars with Z ∗ < 0 . 01 Z � form after z = 2 in TNG50. All fractions
ere computed from the initial stellar mass formed, but change by

ess than 1 per cent when we compute them for the stellar masses of
tars that survived until z = 0. 

At z = 0, a fraction of about 10 −3 of the ongoing star formation in
NG50 happens in gas with a metallicity Z < 0 . 1 Z �, and only 10 −5 

f it has a metallicity of Z < 0 . 01 Z �. In contrast, about 20 per cent
f the ongoing star formation happens with a metallicity of Z > 3 Z �
n TNG50 at z = 0. 

We compare the amount of low- and high-metallicity stars formed
n TNG50 to other state-of-the-art cosmological galaxy simulations
Vogelsberger et al. 2014b ; Schaye et al. 2015 ; Dav ́e et al. 2019 )
nd observation-based models using empirical scaling relations
Chruslinska & Nelemans 2019 ; Chru ́sli ́nska et al. 2021 ) in Fig. 2 . We
an see that all cosmological simulations are qualitatively consistent
ith each other. Among the considered simulations, particularly

llustris, TNG50, and EAGLE agree well with each other. Notably,
AGLE produces a significantly larger fraction of its stars with larger

han solar metallicity after a redshift of z = 0.5. SIMBA forms stars
t systematically lower metallicities than the other simulations. 

The cosmological simulations have a much smaller mass fraction
f low-metallicity Z < 0 . 1 Z � stars, and a higher fraction of stars
ith a metallicity larger than Z � than the analytical models of
hruslinska & Nelemans ( 2019 ). In contrast, the more recent
NRAS 512, 3602–3615 (2022) 
odels discussed in Chru ́sli ́nska et al. ( 2021 ) are broadly consistent
ith cosmological simulations. In these models, Chru ́sli ́nska et al.

 2021 ) use the redshift-invariant fundamental metallicity relation
e.g. Ellison et al. 2008 ; Mannucci et al. 2010 ) to characterize
he metallicity of galaxies, which leads to a much more gradual

etallicity evolution at redshift � 2 than what is inferred from
he extrapolated evolution of the mass–metallicity relation used in
hruslinska & Nelemans ( 2019 ). Such slower metallicity evolution

s more in line with theoretical predictions. 
In the simulations, ho we ver, ef ficient self-enrichment of star-

orming gas apparently prevents a large number of low-metallicity
tars from being formed, and any efficiently star-forming galaxy
uickly reaches (super-)solar metallicity in its centre. Assuming a
olar metallicity of Z � = 0.02 instead of the value used in TNG
nternally of Z � = 0.0127 does not significantly change these results.
otably, the percentage of star formation at super-solar metallicities
rops by ∼ 20 per cent for all hydro sims when switching to Z � =
.02. A more detailed comparison between cosmological simulations
nd observation-based models would be worthwhile to learn from
heir differences, but is beyond the scope of this paper. 

 IN  W H I C H  H O S T  G A L A X I E S  D O  META L  

O O R  STARS  F O R M  A N D  W H E R E  A R E  T H E  

L D  LOW-META LLICITY  STARS?  

oing beyond the global star formation history, we wish to under-
tand in which host galaxies low-metallicity stars form and in which
alaxies they reside now at z = 0. We first look at the host galaxies of
ngoing star formation at any redshift in Section 4.1 . These galaxies
otentially host short delay time transients. We then look at the host
alaxies of low-metallicity stars of any age at z = 0 in Section 4.2 to
et an idea of where we expect to find long delay time transients. 
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Figure 3. Cosmic star formation rate density at different redshifts in bins of the metallicity of the star-forming gas and the stellar mass of the host galaxy. 
Galaxies without stars are set to a stellar mass of M ∗, gal = 10 3 M �. Horizontal grey lines indicate metallicities of Z �, 0 . 1 Z �, and 0 . 01 Z �. At z > 2, stars of 
arbitrarily low metallicity form in galaxies of any mass. After z = 1, the formation of low-metallicity stars becomes gradually restricted to low-mass galaxies. 
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.1 The host galaxies of metal poor star formation 

e first examine how ongoing star formation at various redshifts is
istributed o v er host galaxies, as characterized by their stellar mass
nd gas metallicities shown in Fig. 3 . Here, the stellar mass serves as
 proxy for the primary properties of a galaxy. For orientation in the
lot, let us remind ourselves that the Milky Way has a stellar mass
f about 5 × 10 10 M � (Cautun et al. 2020 ). 
The distribution of star formation o v er galaxies with different 

tellar mass allows us to better understand which galaxies form low- 
etallicity stars at what times. It also allows us to determine where

hort delay time transients from low-metallicity stars can be expected. 
e aim to understand which galaxies host any low-metallicity star 

ormation, which galaxies dominate the o v erall production of low- 
etallicity stars, and how this changes with time. 
At z = 2 and larger redshifts (middle and right panels of the

ottom row of Fig. 3 ), the parameter space of star formation versus
as metallicity and stellar mass of the host galaxy is almost fully
opulated. The exceptions are galaxies with small stellar mass and 
igh metallicity that do not exist in TNG50. The smaller the stellar
ass of a galaxy, the smaller is the upper limit on the metallicity

t can have and this limit does not change significantly with time
or galaxies with M ∗, gal < 10 9 M �. This is consistent with the
ssumption that self-enrichment is the critical ingredient to increase 
he average metallicity of galaxies. 

The lowest mass galaxies with a stellar mass of M ∗, gal < 10 6 M �
nly form stars with a metallicity up to 0 . 1 Z �. These galaxies did
ot produce many stars yet. Moreover, low-mass galaxies can lose a
arge fraction of metals via galactic winds because their gravitational 
otential wells are shallo w. Note, ho we ver, that these galaxies are
arely resolved with fewer than 100 star particles and their properties
hould be interpreted with caution. 

Slightly more massive galaxies with M ∗, gal = 10 7 M � can form 

tars with a metallicity up to Z �, and galaxies with stellar masses
 ∗, gal > 10 9 M � already form the most enriched stars that will ever

e formed by z = 2. For these massive galaxies most stars form
round Z � already then, but the metallicity of their star-forming gas
o v ers a wide range, going from a metallicity as high as 10 Z � to a
etallicity as low as 10 −4 Z � at z = 2. The tail to very low-metallicity

tar formation even in massive galaxies at this time may be the result
f accretion of very low-metallicity gas directly into the star-forming 
hase of those galaxies. 
At z = 1, star formation at metallicities Z < 10 −3 Z � has essen-

ially ceased except for the smallest star-forming galaxies that only 
ow begin to form stars for the first time. At this time, massive
MNRAS 512, 3602–3615 (2022) 
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M

Figure 4. Cosmic star formation rate density at redshifts z = 0 and z = 

2 versus galaxy stellar mass for different metallicity cuts. For z = 2 the 
star formation rate density is essentially flat in galaxy mass. At z = 0 very 
low-metallicity star formation is limited to low mass galaxies. 

g  

m  

e  

m
 

u  

i  

0  

o  

M  

s  

1
 

b  

s  

t  

c  

o  

a  

h  

6  

a
 

i  

w  

o  

o  

t  

f  

o  

m  

s  

t  

m  

b

Figure 5. Contours of 68 per cent , 90 per cent , and 99 . 9 per cent of the 
cosmic star formation rate density at redshifts z = 0 and z = 2 versus galaxy 
stellar mass. The star formation rate density contours are dominated by solar 
metallicity stars already at high redshift and shrink towards solar metallicity 
star formation in massive galaxies at z = 0. 
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alaxies have enriched their environment substantially, and low-
etallicity gas that is accreted from their environment is mixed with

nriched gas before it can form stars. This establishes a floor to the
etallicity of star-forming gas. 
This lower limit on the metallicity of newly formed stars mo v es

p to 10 −2 Z � at z = 0.5. Interestingly, the metallicity floor is mostly
ndependent of the galaxy stellar mass at z = 1 and z = 0.5. But at z =
 the metallicity floor of star-forming gas shows a clear dependence
n galaxy stellar mass. The highest mass galaxies with stellar mass
 ∗, gal = 10 10 M � have a metallicity floor of 0 . 1 Z �, whereas the

mallest galaxies can still form stars with a metallicity as low as
0 −2 Z �. 
Note that at all times there exist galaxies that are star-forming

 ut ha ve not formed any stars yet. This difference arises from the
tochastic nature of our star formation algorithm. In other words the
ime-integrated star formation rate of these galaxies is smaller or
omparable to the mass of a single star particle. While the existence
f galaxies that can form stars but have not done so yet is plausible
t high redshift, there is no observational evidence for galaxies that
ave stars today but did not form any stars before reionisation at z =
. We discuss the numerical and model limitations that potentially
ffect these galaxies in detail in Section 6 . 

To get a better quantitative understanding of which galaxies dom-
nate low and high metallicity star formation at different redshifts,
e show the total star formation rate density for a given stellar mass
f the host galaxies and a metallicity below 0 . 01 Z �, below 0 . 1 Z �,
r without a metallicity cut for different redshifts in Fig. 4 . We see
hat at z = 2 and before, low-metallicity stars with Z < 0 . 1 Z � are
ormed in approximately equal amounts in all galaxies, independent
f their stellar mass. Note, ho we ver, that massi v e galaxies form man y
ore high metallicity stars than low mass galaxies, so the fraction of

tars formed at low metallicity is much smaller for massive galaxies
han for low mass galaxies. At z = 1 this still holds for most galaxy

asses, even though the difference in total star formation rate has
ecome much larger between massive and low mass galaxies. 
NRAS 512, 3602–3615 (2022) 
At z = 0, star formation at Z < 0 . 1 Z � is dominated by low-mass
alaxies with M ∗, gal � 10 8 M �. Star formation at very low metallicity
f Z < 10 −2 Z � is limited to galaxies with a stellar mass below
 ∗, gal � 10 7 . 5 M �, but is in this range still roughly independent of

alaxy mass. On the other end of the metallicity distribution, stars
ith very high metallicity Z > 10 Z � are predominantly formed in
alaxies with M ∗, gal � 10 9 M �, as shown in Fig. 3 . 

To better quantify the contribution of low-metallicity star forma-
ion to the total amount of star formation, we show contours enclosing
8 per cent , 90 per cent , and 99 . 9 per cent of the star formation rate
ensity at different redshifts in Fig. 5 . The peak of the star formation
ate density distribution mo v es remarkably little from z = 2 to z =
 for massive galaxies with M ∗, gal ∼ 10 10 M �. For these galaxies it
nly becomes more concentrated around solar metallicity, which can
lso be seen for all redshifts in Fig. 3 . At z = 2, the 90 per cent
ontour still includes gas with a metallicity below 0 . 1 Z �, while at
 = 0 the lowest metallicity included in the 90 per cent contour is
bout log Z/Z � = −0.5. This again emphasizes the dominance of star
ormation at about solar metallicity. Note that as a result the global
caling relations of galaxies, like for example the mass–metallicity
elation, will essentially be insensitive to the total amount of low-
etallicity stars formed. Note also that the 99 . 9 per cent contour at
 = 2 extends down to a metallicity of 10 −3 Z � and a galaxy mass
f M ∗, gal = 10 5 M �. It shrinks substantially until z = 1 to about the
ize the 90 per cent contour had at z = 2, and slightly further until
 = 0 when it does not include any star formation below a metallicity
f 0 . 1 Z � anymore. 

.2 The host galaxies of metal poor stars at z = 0 

fter looking at the host galaxies of ongoing metal poor star
ormation, we now turn to the host galaxies of metal poor stars of
ny age at z = 0. As seen abo v e, those are dominated in number by
ld stars. Once we have an idea of how many low-metallicity stars a
alaxy with a given stellar mass typically contains today, we can also
urn the question around and estimate how likely it is that a transient
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Figure 6. Stellar mass density in bins of stellar metallicity and total stellar 
mass of the host galaxy at z = 0. The red line shows the average stellar 
metallicity of all stars in all galaxies of a given stellar mass. Most low- 
metallicity stars live in massive galaxies at z = 0. 
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Figure 7. Average relative contribution of stars at different metallicity to 
the total stellar mass of galaxies at different masses at z = 0. The lines 
shown are identical to normalized vertical slices through Fig. 6 . The peak of 
the metallicity distribution of stars mo v es to lower metallicity with smaller 
galaxy mass. All galaxies have a similar low-metallicity tail. 

Figure 8. Fraction of stellar mass density below different metallicity thresh- 
olds relative to the total stellar mass density, as a function of the total stellar 
mass of host galaxies at z = 0. Low-metallicity stars contribute negligible 
mass to the total stellar mass of massive galaxies at z = 0 but dominate 
low-mass galaxies. 
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hat we observe in a galaxy with known stellar mass originated from
 low-metallicity progenitor system. 

To this end, we show the distribution of stars at different metal-
icities among galaxies of different stellar masses at z = 0 in Fig. 6 .
ote that this distribution not only depends on the full history of star

ormation of each individual galaxy, but also on its merger history.
he results show not only that most stars are in the most massive
alaxies in TNG50, but also that this is true for stars at any metallicity.
n other words, stars at an y giv en metallicity are preferentially a part
f more massive galaxies, rather than small galaxies, even for low 

etallicities, consistent with previous results (Artale et al. 2019 , 
020 ; Chru ́sli ́nska et al. 2021 ) and despite the large number of small
alaxies that have a low average metallicity. 

For galaxies with a stellar mass between 10 7 and 10 11 M �, we show
he av erage relativ e contribution of stars at different metallicities 
o the total stellar mass at z = 0 in five mass bins in Fig. 7 . As
xpected from the mass–metallicity relation for galaxies, the peak 
hifts slightly to lower metallicity with lower stellar mass of the 
alaxy. While the slope to wards lo w metallicity is very similar for all
alaxy masses shown here, the normalization changes slightly, i.e. 
alaxies with a stellar mass of 10 9 M � have about twice the fraction
f low-metallicity stars compared to galaxies with a stellar mass of
0 10 or 10 11 M �. Note that the high metallicity cutoff is essentially
dentical, independently of the stellar mass of the galaxies. This limit
s directly connected to the metal return for high metallicity stars
n TNG50. The metal fraction of the returned mass peaks at more
han 30 per cent for stars with 40M � at or abo v e solar metallicity.
herefore, for a short-time star particles inject gas with a metallicity 
f larger than 20 Z �, which sets the maximum metallicity that can
e reached in the simulation. 
A different way of looking at the population of low-metallicity 

tars at the present day is by considering their contribution to the
otal stellar mass of galaxies of a given stellar mass. We show this for
tars below a metallicity of 0 . 1$ and 0 . 01 Z �, respectively, in Fig. 8 .
espite hosting most of the low-metallicity stars, massive galaxies at 
he same time have the smallest fraction of them among their stellar
opulations. The increase for stellar masses larger than 10 11 M � is 
ikely an imprint of the increasing contribution of accreted stars from
ower mass galaxies to the total stellar mass for these galaxies. The
raction of metal poor stars in a galaxy increases with decreasing
tellar mass. For a metallicity of Z < 0 . 1 Z �, it increases from
 per cent for galaxies with a stellar mass of 10 11 M � to essentially
00 per cent for galaxies with a stellar mass smaller than 10 6 M �. 
To summarize, even though low-metallicity stars constitute only 

 tiny fraction of the stars in massive galaxies, the dominant
ontribution of stellar mass by massive galaxies to the total stellar
ass in TNG50 means that old low-metallicity stars are still more
MNRAS 512, 3602–3615 (2022) 
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ikely to be found in massive galaxies than in low-mass galaxies with
ow average metallicities. 

 W H E R E  IN  THEIR  H O S T  G A L A X I E S  D O  

OW-MET  ALLICITY  ST  A R S  F O R M  A N D  

H E R E  A R E  T H E  O L D  LOW-META LLICITY  

TARS?  

either star formation nor metals are distributed uniformly in
alaxies. It is well known that star formation correlates with gas
urface density (Schmidt 1959 ; Kennicutt 1989 ), which is typically
igher close to the centre of a galaxy. Metallicity also typically
hanges with galactic radius. In TNG50, the metallicity gradients
re typically ne gativ e, so the lowest metallicity gas is found in the
utskirts of galaxies (Hemler et al. 2021 ). 
Thus, looking at the location of low-metallicity star formation and

tars in galaxies not only gives us more information about where to
nd transients from low-metallicity progenitors in resolved galaxies,
ut also tells us about galaxy physics. In particular, about the large-
cale inflows and outflows of gas and mixing of metals in galaxies.
ince the stellar mass of any nearby galaxy is dominated by old
tars, and the formation rate of low-metallicity stars declines o v er
ime as we have demonstrated, we need to look at the location of low-
etallicity star formation and the typical location of low-metallicity

tars separately. 
We first show radial probability distributions of total and low-
etallicity star formation for galaxies divided into three different

tellar mass ranges in Fig. 9 at z = 2 and z = 0. In addition, we
how the total star formation rate of galaxies that have at least some
tar-forming gas with a metallicity Z � < 0.1Z �. 

We immediately see that most of all newly formed stars at both
edshifts form at radii smaller than the stellar half-mass radius except
or the most massive galaxies at z = 0. The shift to larger radii
etween z = 2 and z = 0 is a sign of the inside-out growth of galaxies
n TNG50. Typically, the distribution peaks around 0 . 5 R halfmass , ∗. In
ontrast, low-metallicity stars with Z � < 0.1 Z � typically form at
arger radii. For the lowest stellar mass bin at z = 2, they peak at
wo to three times larger radii than the total star formation. For the
ntermediate stellar mass bin, low-metallicity star formation reaches
 plateau at � 1 . 5 R halfmass , ∗. The probability distribution of very
ow-metallicity star formation continues to rise for larger radii. Note
hat ev en v ery low-metallicity stars with Z � < 0.01 Z � are also
till formed at radii smaller than 0 . 5 R halfmass , ∗. These distribution
re consistent with expectations from the global mass–metallicity
elation for galaxies in TNG and its scatter (Torrey et al. 2019 ) and
heir internal radial metallicity gradients (Hemler et al. 2021 ). 

The most massive galaxies at z = 2 do not hav e an y star-
orming gas with Z � < 0 . 01 Z � out to R = 2 R halfmass , ∗. They
o, ho we ver, still contain star-forming gas with Z gas < 0 . 1 Z � at
 > 1 . 5 R halfmass , ∗. The variance in the probability distribution here
ndicates that the formation of low-metallicity stars at small radii
s an effect of stochastic accretion of low-metallicity gas into the
tar-forming phase. 

At z = 0 the lowest mass galaxies have a flat distribution of low-
etallicity star formation. Very low-metallicity star formation still

appens at small radii, but its distribution is patch y, ag ain indicating
tochastic accretion of very low-metallicity gas into the star-forming
as phase. The flat and smooth distribution of low-metallicity star
ormation seems intriguing and may also point to stochastic accretion
eing rele v ant. 
Intermediate mass galaxies at z = 0 have little but non-zero low-
etallicity star formation in the centre and a probability distribu-
NRAS 512, 3602–3615 (2022) 
ion of low-metallicity star formation that increases with distance
rom the centre. This distribution again seems consistent with the
xpectation from global scaling laws. The distribution of low-
etallicity star formation for the most massive galaxies resembles

he distribution of very low-metallicity star formation for low-mass
alaxies, with the exception that low-metallicity star formation
or the galaxies with M ∗ > 10 10 M � only happens at radii r >
 halfmass, ∗. The probability distribution again points to stochastic
ccretion of low-metallicity gas driving this low-metallicity star
ormation. 

Time integration of the radial distributions modified by dynamical
rocesses leads to the radial distribution of stellar mass z = 0, as
hown in Fig. 10 . We only show the distribution for galaxies in
ur intermediate stellar mass bin, and only at z = 0, because the
istributions are very similar for the other galaxy mass bins and at z =
. The similarity between the z = 2 and z = 0 profiles can naturally be
xplained because most stars, in particular the low-metallicity stars,
orm before z = 2 already, so neither the stellar half-mass radius,
or the distribution of low-metallicity stars changes dramatically
fterwards. 

The most interesting feature is that the radial distribution of
tellar mass, including all low-metallicity stars with Z ∗ < 0 . 1 Z �
nd the distribution only including very low-metallicity stars with
 ∗ < 0 . 01 Z � are essentially identical. This may look somewhat
ne xpected giv en the radial distribution of star formation shown
n Fig. 9 , but it is more easily understood when one takes into
ccount that the total mass of low-metallicity stars is dominated
y stars that formed before z = 2, as discussed before. The
ifference between low-metallicity stars and the total population
ooks consistent with observed local dwarfs (Genina et al. 2019 ), but
 more detailed comparison with many individual galaxies may be 
anted. 

 C A N  T H E R E  BE  ZERO  META LLICITY  STAR  

O R M AT I O N  TO DAY ?  

inally, we turn to the most extreme low-metallicity stars, i.e. the
rst generation of stars that are born from primordial gas that has
ot been enriched by any metals. The formation and fate of those
op III stars is still poorly understood, in part because they still have
ot been observed directly . Naively , they are assumed to form only at
ery high redshift when the first galaxies form their first stars. Those
uickly enrich their host galaxies with metals so that later generations
f stars already contain metals produced in stars that formed before
hem. 

Ho we ver, isolated haloes could, in principle, assemble sufficiently
ate to form their first stars from primordial gas at low redshift. To
nvestigate star formation at the lowest metallicities at z = 0, we
how the star formation rate density split by gas metallicity, and the
tellar mass of the galaxy and total mass of its halo in Fig. 11 , for
NG50 and TNG50-2. The latter simulates the same box as TNG50
ut at a mass resolution that is factor of 8 lower. 

In TNG50, there are seven galaxies at z = 0 that contain primordial
tar-forming gas. None of these galaxies have formed any stars yet,
o they are about to form their first stars at z = 0. Their halo mass
t z = 0 ranges from 5 × 10 9 M � to 10 10 M �, so they are just large
nough for atomic cooling to o v ercome the UV background in their
entres. 

To understand if the history of those haloes is plausible or a
umerical artefact, it is important to look at the properties of their
rogenitor haloes at z = 6. At this time, just before their gas is heated
gain by reionization, the haloes had the best conditions in the past to
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Figure 9. Stacked normalized radial profiles of star formation at z = 2 (left column) and z = 0 (right column) for all galaxies in different stellar mass ranges 
(rows). The profiles are first normalized to the stellar half-mass radius of the individual galaxies, then stacked. The dashed grey lines also show the profile of 
all star formation, but limited to the subset of galaxies that have non-zero ongoing star formation with Z < 0 . 1 Z �. Low-metallicity stars are biased to form at 
larger radii than average stars. 
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orm stars. Nev ertheless, the y may hav e been inhibited from doing so
y a lack of resolution or by approximations of our galaxy formation
odel. 
Tracing the haloes back with a merger tree, we find that two of the

even haloes do not yet exist at z = 6 in the simulation, and the other
v e haloes hav e halo masses of 4 × 10 7 M � to 10 8 M �, just abo v e

he minimum mass to be detectable as haloes at the resolution of
NG50. In dedicated high-resolution zoom simulations that include 
olecular cooling, the halo mass threshold to form stars before z = 6

eems to be around a mass of 10 7 M � at z = 6 (Simpson et al. 2013 ).
e conclude that it is possible that at least the two haloes that do not

ave a progenitor in TNG50 at z = 6 indeed assemble late enough
o form stars for the first time at z = 0. 
The importance of resolution to a v oid that early star formation is
rtificially suppressed in low-mass galaxies can be demonstrated by 
epeating the same analysis for TNG50-2, which simulates the same 
ox as TNG50, but at a mass resolution that is eight times worse. As
an be seen in the bottom row of Fig. 11 , there are many more metal-
ree star-forming galaxies in TNG50-2 at z = 0 than in TNG50. More
recisely, TNG50-2 has 39 galaxies forming stars from pristine gas 
ith a total star formation rate of 1 . 6 × 10 −2 M � yr −1 compared to
NG50 with nine such galaxies with a total star-formation rate of
 . 0 × 10 −4 M � yr −1 . 
This difference is a direct consequence of the lack of resolution

t high redshift, which prevents galaxies with halo masses as high
s 10 9 M � from forming stars before z = 6. We therefore caution
MNRAS 512, 3602–3615 (2022) 
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M

Figure 10. Stacked normalized radial profiles of stellar mass at z = 0 for 
galaxies with a stellar mass between 10 8 and 10 10 M �. The profiles are first 
normalized to the stellar half-mass radius of the individual galaxies, then 
stacked. Low-metallicity stars are biased towards larger radii at z = 0. 
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o carry out such an analysis at a resolution worse than TNG50, but
lso emphasize again that the few metal-free star-forming galaxies
e find in TNG50 may still be impacted by insufficient numerical

esolution or limitations of our ISM model. Note also that the peak
f the metallicity distribution of star formation at z = 0 in massive
alaxies shifts to slightly lower metallicity for TNG50-2 compared
o TNG50. 

In addition to not having yet formed stars themselves, the galaxies
eed to be isolated enough to a v oid becoming polluted by more
assive galaxies nearby. This is reflected in the cosmological

nvironment of the galaxies. The background density around the
even metal-free star-forming galaxies in TNG50 on a scale of 1 Mpc
s close to the mean density of the universe. These are some of the
owest background densities for star-forming galaxies we find in
NG50. 
In this environment around the mean density the seven galaxies

re able to still grow sufficiently large to eventually be able to
orm stars. At the same time, they are far enough away from more
assive galaxies to a v oid being polluted by their metal-enriched

utflows. We conclude that it would be very interesting to further
nvestigate this question with high-resolution zoom-in simulations
hat include molecular cooling. Moreo v er, if Pop III stars lead to
nique transients, it may be possible that they could be found with
pcoming transient surv e ys much closer than previously expected. 

 DISCUSSION  

osmological simulations are crucial to inform us about parts of the
niverse that are not easily accessible to observations, e.g. the early

nrichment of galaxies at high redshift and the low-metallicity tail of
ngoing star formation. Ho we ver, to properly understand and assess
he results presented abo v e, it is important to discuss the uncertainties
nvolved. This includes both uncertainties of cosmological simula-
ions in general and of the specific simulation model and numerical
mplementation of the IllustrisTNG project. 
NRAS 512, 3602–3615 (2022) 
Here, we are interested primarily in the creation and distribution
f metals. The production of metals depends in our modelling on
tar formation and stellar evolution. They determine how many
tars form, and when and how many metals are released from a
tellar population of a certain mass and metallicity. Both carry
ignificant fundamental uncertainties owing to our limited under-
tanding of star formation and stellar evolution, and are imple-
ented as ef fecti ve models in IllustrisTNG. Importantly, the star

ormation model is calibrated to reproduce the observed Kennicut–
chmidt relation (Springel & Hernquist 2003 ). It uses updated
tellar yields (Pillepich et al. 2018a ) compared to the original
llustris simulation (Vogelsberger et al. 2013 ), though they still
arry significant uncertainties. Note again that the IllustrisTNG
imulations are consistent with current observations constraining
he global evolution of metallicity in galaxies, as seen in the

ass–metallicity relation (Torrey et al. 2019 ) for TNG100. This
ualitati vely v alidates our basic assumptions on the metal cycle in the
imulations. Ho we ver, one should keep in mind that significant quan-
itative uncertainties remain about the observed mass–metallicity
elation. 

The most important remaining uncertainties concern the infancy
f galaxies at high redshift, were there are no direct observational
onstraints, so for this epoch our models are essentially extrapola-
ions from the present-day universe. Since a large fraction of metal
oor stars are formed in this phase this uncertainty is directly rele v ant
or our results. 

In addition to the creation of metals, the distribution of metals from
tar particles into their surrounding gas and the mixing of metals in
he gas phase carry uncertainties. In TNG50, metals are distributed
nto the closest gas mass equal to 5 × 10 6 M � surrounding a star
article. This likely o v erestimates the amount of ISM material with
hich newly ejected metals are mixed on very short time-scales.

njecting metals into only a single cell increases the scatter for very
are (e.g. r-process) elements, but the effect is small for the bulk
f the gas (van de Voort et al. 2020 ). After the initial injection, the
ixing of metals is go v erned by hydrodynamics, subject to some

umerical diffusion due to limited spatial resolution. 
Finally, in the IllustrisTNG model, we do not explicitly model

ocal supernova feedback. Instead, we employ an effective model
or the pressurized ISM (Springel & Hernquist 2003 ). This likely
eads to an underestimation of the local turbulent velocity field and
herefore possibly also to an underestimate of local turbulent mixing.
n contrast, gas flows on galaxy scales are likely modelled reasonably
ell, since IllustrisTNG reproduces global and structural properties
f galaxies. 
Finally, the uniform UV background in the IllustrisTNG model

urns on instantaneously at z = 6, rather than gradually reaching
ull strength (Nelson et al. 2019a ). This may allow small galaxies to
roduce more stars than expected before their gas is heated at z = 6
nd they stop forming any further stars. This is particularly rele v ant
or the question of forming metal-free stars at low redshift discussed
n Section 6 . Also, note that dust is not included in the IllustrisTNG
odel, and may represent a significant sink of metals (Draine et al.

007 ). 
With these uncertainties in mind, it is interesting to take a step

ack and look at our results as a part of a larger picture. In particular,
e want to stress the potential of stellar physics and galaxy formation
hysics constraining each other via low-metallicity stars. The most
ecent connection has been opened up with the detection of stellar
ass BH mergers with LIGO (Abbott et al. 2016 ). Merger rates

f such BH binaries depend strongly on the formation history of
ow-metallicity stars. Currently, this allows us to use cosmological

art/stac717_f10.eps
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Figure 11. Cosmic star formation rate density at z = 0 binned by metallicity of the star-forming gas and stellar mass of the host galaxy (left-hand panel) and 
halo mass of the host (right-hand panel). The top row shows TNG50, the bottom row gives TNG50-2, which has eight times worse mass resolution than TNG50. 
Galaxies without stars are set to a stellar mass of 10 3 M �. There is more star formation at extremely low metallicities in TNG50-2 than in TNG50, which 
emphasizes the need for high-resolution simulations when looking at low-metallicity star formation. 
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imulations to make predictions for merger rates of stellar mass BHs
nd their redshift evolution (see e.g. van Son et al. 2021 ; Bavera et al.
022 ). Ho we ver, with the number of observed mergers of stellar mass
Hs quickly increasing, we may in the near future be able to turn
his connection around and use the observed merger rates of stellar
ass BHs and their redshift evolution to constrain the number and

ormation history of low-metallicity stars. This will directly constrain 
alaxy formation models. 
MNRAS 512, 3602–3615 (2022) 
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Another connection that has existed for a much longer time is
tellar transients that originate primarily or ev en e xclusiv ely from
ow-metallicity stars. For those transients, cosmological simulations
an make predictions where and when to look for them (Briel et al.
021 ). With the massive increase of observational data on transients
xpected from forthcoming surveys like LSST, combined with a
ufficient understanding of the progenitor systems of those transients,
e may be able to put direct constraints on galaxy formation models.

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

ere we have used the high-resolution cosmological simulation
NG50 to constrain when and where metal-poor stars form. Our
ain results can be summarized as follows. 
In Section 3 we showed that 20 per cent of the low-metallicity

tars with Z gas < 0 . 1 Z � in TNG50 still formed after z = 2, but only
 per cent of the stars with very low-metallicity Z gas < 0 . 01 Z �. Nev-
rtheless, star formation even at the lowest metallicities still persists
ll the way to z = 0. Moreo v er, we find that cosmological simulations
n general are consistent with at least some of the observation-based
odels (Chruslinska & Nelemans 2019 ; Chru ́sli ́nska et al. 2021 ). 
In Section 4 , we showed that low-metallicity stars with Z ∗ <

 . 1 Z � are still formed at z = 0 in TNG50 even in massive galaxies.
e find that the mass of stars formed below a metallicity of 0 . 1 Z �

s distributed almost uniformly o v er host galaxies of different stellar
ass. The formation of stars with metallicity Z ∗ < 0 . 01 Z � is limited

o low-mass galaxies for z < 0.5, but still present in massive galaxies
t z = 1. Intriguingly, most old low-metallicity stars are found in
assive galaxies that have an average stellar metallicty close to solar.
he contribution of low-metallicity stars to the total stellar mass of

heir massive host galaxies is negligible. 
In Section 5 we confirmed the naive expectation that low-
etallicity stars are generally formed at larger radii than all stars,

nd that their number increases with galactic radius. We find an
nteresting exception for low mass galaxies with M ∗, gal < 10 8 M �
t z = 0 that have a flat probability distribution for the birth radius
f low-metallicity stars. We also find an irregular distribution for
assive galaxies with M ∗, gal > 10 10 M �. We argued that these radial

istributions of low-metallicity star formation are not only useful to
nform us about likely locations of transients from low-metallicity
rogenitor stars, but may also tell us more about galaxy formation, in
articular ho w lo w-metallicity gas is accreted into the star-forming
hase, and how long it survives before it is mixed with higher
etallicity gas. 
Finally, in Section 6 we analysed seven galaxies in TNG50 that

ontain star-forming gas with primordial metallicity at z = 0. We
nd that these galaxies live at small cosmological o v erdensities
nd are sufficiently isolated not to be polluted by larger galaxies.
hey just grew large enough to start cooling efficiently and form
tars at z = 0. We conclude that at least some of them seem to be
hysically plausible and could present an interesting target to search
or in observations. Even though the total star formation rate of these
alaxies is very low, if they form PopIII stars that die as bright unique
ransients we might be lucky enough to find them. 

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

e thank the anonymous referee whose comments helped to improve
he paper. LvS and SdM acknowledge partial financial support
rom the National Science Foundation under grant no. (2009131),
he Netherlands Organisation for Scientific Research (NWO) as a
art of the Vidi research program BinWaves with project number
NRAS 512, 3602–3615 (2022) 
39.042.728 and the European Union’s Horizon 2020 research and
nnovation program from the European Research Council (ERC,
rant agreement no. 715063). 

ATA  AVAI LABI LI TY  

he IlustrisTNG simulations are fully publicly available at https:
/www.tng-pr oject.or g/. The analysis data underlying this article will
e shared on reasonable request to the corresponding author. 

EFERENCES  

bbott B. P. et al., 2016, ApJ , 818, L22 
gertz O. et al., 2020, MNRAS , 491, 1656 
nderson J. P. et al., 2018, Nature Astron. , 2, 574 
rtale M. C., Mapelli M., Giacobbo N., Sabha N. B., Spera M., Santoliquido

F., Bressan A., 2019, MNRAS , 487, 1675 
rtale M. C., Mapelli M., Bouffanais Y., Giacobbo N., Pasquato M., Spera

M., 2020, MNRAS , 491, 3419 
avera S. S. et al., 2022, A&A , 657, L8 
elczynski K., Dominik M., Bulik T., O’Shaughnessy R., Fryer C., Holz D.

E., 2010, ApJ , 715, L138 
ellm E. C. et al., 2019, PASP , 131, 018002 
riel M. M., Eldridge J. J., Stanway E. R., Ste v ance H. F., Chrimes A. A.,

2021, preprint ( arXiv:2111.08124 ) 
rook C. B., Kawata D., Scannapieco E., Martel H., Gibson B. K., 2007,

ApJ , 661, 10 
urbidge E. M., Burbidge G. R., Fowler W. A., Hoyle F., 1957, Rev. Mod.

Phys. , 29, 547 
antiello M. et al., 2009, A&A , 499, 279 
autun M. et al., 2020, MNRAS , 494, 4291 
habrier G., 2003, PASP , 115, 763 
hen T.-W., Smartt S. J., Yates R. M., Nicholl M., Kr ̈uhler T., Schady P.,

Dennefeld M., Inserra C., 2017, MNRAS , 470, 3566 
hruslinska M., Nelemans G., 2019, MNRAS , 488, 5300 
hru ́sli ́nska M., Nelemans G., Boco L., Lapi A., 2021, MNRAS , 508, 4994 
ooper A. P. et al., 2010, MNRAS , 406, 744 
resci G., Mannucci F., Curti M., 2019, A&A , 627, A42 
urti M., Mannucci F., Cresci G., Maiolino R., 2020, MNRAS , 491, 944 
yburt R. H., Fields B. D., Olive K. A., Yeh T.-H., 2016, Rev. Mod. Phys. ,

88, 015004 
av ́e R., Angl ́es-Alc ́azar D., Narayanan D., Li Q., Rafieferantsoa M. H.,

Appleby S., 2019, MNRAS , 486, 2827 
e Cia A., Jenkins E. B., Fox A. J., Ledoux C., Ramburuth-Hurt T.,

Konstantopoulou C., Petitjean P., Krogager J.-K., 2021, Nature , 597, 206
iemand J., Madau P., Moore B., 2005, MNRAS , 364, 367 
raine B. T. et al., 2007, ApJ , 663, 866 
ubois Y., Peirani S., Pichon C., Devriendt J., Gavazzi R., Welker C.,

Volonteri M., 2016, MNRAS , 463, 3948 
llison S. L., Patton D. R., Simard L., McConnachie A. W., 2008, ApJ , 672,

L107 
merick A., Bryan G. L., Mac Low M.-M., 2020, ApJ , 890, 155 
ontanot F. et al., 2021, MNRAS , 504, 4481 
ruchter A. S. et al., 2006, Nature , 441, 463 
enel S. et al., 2014, MNRAS , 445, 175 
enel S. et al., 2018, MNRAS , 474, 3976 
enina A., Frenk C. S., Ben ́ıtez-Llambay A., Cole S., Navarro J. F., Oman

K. A., Fattahi A., 2019, MNRAS , 488, 2312 
 ̈otberg Y., de Mink S. E., Groh J. H., 2017, A&A , 608, A11 
raham M. J. et al., 2019, PASP , 131, 078001 
rand R. J. J., Springel V., G ́omez F. A., Marinacci F., Pakmor R., Campbell

D. J. R., Jenkins A., 2016, MNRAS , 459, 199 
rand R. J. J. et al., 2019, MNRAS , 490, 4786 
artwig T., Bromm V., Klessen R. S., Glo v er S. C. O., 2015, MNRAS , 447,

3892 
eger A., Fryer C. L., Woosley S. E., Langer N., Hartmann D. H., 2003, ApJ ,

591, 288 

https://www.tng-project.org/
http://dx.doi.org/10.3847/2041-8205/818/2/L22
http://dx.doi.org/10.1093/mnras/stz3053
http://dx.doi.org/10.1038/s41550-018-0458-4
http://dx.doi.org/10.1093/mnras/stz1382
http://dx.doi.org/10.1093/mnras/stz3190
http://dx.doi.org/10.1051/0004-6361/202141979
http://dx.doi.org/10.1088/2041-8205/715/2/L138
http://dx.doi.org/10.1088/1538-3873/aaecbe
http://arxiv.org/abs/2111.08124
http://dx.doi.org/10.1086/511514
http://dx.doi.org/10.1103/RevModPhys.29.547
http://dx.doi.org/10.1051/0004-6361/200911643
http://dx.doi.org/10.1093/mnras/staa1017
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras/stx1428
http://dx.doi.org/10.1093/mnras/stz2057
http://dx.doi.org/10.1093/mnras/stab2690
http://dx.doi.org/10.1111/j.1365-2966.2010.16740.x
http://dx.doi.org/10.1051/0004-6361/201834637
http://dx.doi.org/10.1093/mnras/stz2910
http://dx.doi.org/10.1103/RevModPhys.88.015004
http://dx.doi.org/10.1093/mnras/stz937
http://dx.doi.org/10.1038/s41586-021-03780-0
http://dx.doi.org/10.1111/j.1365-2966.2005.09604.x
http://dx.doi.org/10.1086/518306
http://dx.doi.org/10.1093/mnras/stw2265
http://dx.doi.org/10.1086/527296
http://dx.doi.org/10.3847/1538-4357/ab6efc
http://dx.doi.org/10.1093/mnras/stab1213
http://dx.doi.org/10.1038/nature04787
http://dx.doi.org/10.1093/mnras/stu1654
http://dx.doi.org/10.1093/mnras/stx3078
http://dx.doi.org/10.1093/mnras/stz1852
http://dx.doi.org/10.1051/0004-6361/201730472
http://dx.doi.org/10.1088/1538-3873/ab006c
http://dx.doi.org/10.1093/mnras/stw601
http://dx.doi.org/10.1093/mnras/stz2928
http://dx.doi.org/10.1093/mnras/stu2740
http://dx.doi.org/10.1086/375341


Low-metallicity stars in TNG50 3615 

H
H
I  

K
K
K  

K
L
L
M
M
M  

M
M
N
N
N
N
N
P  

P  

P
P  

P
P
P
P
P  

Q
S
S  

S
S
S
S  

S
S
S
S
S
S  

S
S  

T  

T  

T  

T
T
T
U
v  

v  

v
V
V
V
V
V
V  

W
W
W  

W  

Z  

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/3602/6549575 by C
ardiff U

n

emler Z. S. et al., 2021, MNRAS , 506, 3024 
ernandez X., Ferrara A., 2001, MNRAS , 324, 484 

occo F., Mangano G., Miele G., Pisanti O., Serpico P. D., 2009, Phys. Rep. ,
472, 1 

ennicutt R. C. Jr, 1989, ApJ , 344, 685 
 e wley L. J., Ellison S. L., 2008, ApJ , 681, 1183 
irby E. N., Cohen J. G., Guhathakurta P., Cheng L., Bullock J. S., Gallazzi

A., 2013, ApJ , 779, 102 
udritzki R. P., Pauldrach A., Puls J., 1987, A&A, 173, 293 
agos C. d. P. et al., 2016, MNRAS , 459, 2632 
unnan R. et al., 2014, ApJ , 787, 138 
aggiore M. et al., 2020, J. Cosmol. Astropart. Phys. , 2020, 050 
aiolino R., Mannucci F., 2019, A&AR , 27, 3 
annucci F., Cresci G., Maiolino R., Marconi A., Gnerucci A., 2010,

MNRAS , 408, 2115 
arinacci F. et al., 2018, MNRAS , 480, 5113 
okiem M. R. et al., 2007, A&A , 473, 603 
aiman J. P. et al., 2018, MNRAS , 477, 1206 
elson D. et al., 2018, MNRAS , 475, 624 
elson D. et al., 2019a, Comput. Astrophys. Cosmol. , 6, 2 
elson D. et al., 2019b, MNRAS , 490, 3234 
omoto K., Kobayashi C., Tominaga N., 2013, ARA&A , 51, 457 
akmor R., Springel V., Bauer A., Mocz P., Munoz D. J., Ohlmann S. T.,

Schaal K., Zhu C., 2016, MNRAS , 455, 1134 
eeples M. S., Werk J. K., Tumlinson J., Oppenheimer B. D., Prochaska J.

X., Katz N., Weinberg D. H., 2014, ApJ , 786, 54 
erley D. A. et al., 2016b, ApJ , 830, 13 
erley D. A., Niino Y., Tanvir N. R., Vergani S. D., Fynbo J. P. U., 2016a,

Space Sci. Rev. , 202, 111 
illepich A. et al., 2018a, MNRAS , 473, 4077 
illepich A. et al., 2018b, MNRAS , 475, 648 
illepich A. et al., 2019, MNRAS , 490, 3196 
lanck Collaboration XIII, 2016, A&A , 594, A13 
restwich A. H., Tsantaki M., Zezas A., Jackson F., Roberts T. P., Foltz R.,

Linden T., Kalogera V., 2013, ApJ , 769, 92 
in Y.-J. et al., 2022, ApJS, 259, 13 
athyaprakash B. et al., 2019, Bull. Am. Astron. Soc., 51, 276 
cannapieco E., Kawata D., Brook C. B., Schneider R., Ferrara A., Gibson

B. K., 2006, ApJ , 653, 285 
chaye J. et al., 2015, MNRAS , 446, 521 
chmidt M., 1959, ApJ , 129, 243 
hen K. J., Quataert E., Pakmor R., 2019, ApJ , 887, 180 
impson C. M., Bryan G. L., Johnston K. V., Smith B. D., Mac Low M.-M.,

Sharma S., Tumlinson J., 2013, MNRAS , 432, 1989 
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