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A B S T R A C T 

Studies of stellar populations in early-type galaxies (ETGs) show that the more massive galaxies form earlier and have a shorter 
star formation history. In this study, we investigate the initial conditions of ETG formation. The study begins with the collapse of 
non-rotating post-Big-Bang gas clouds in Milgromian (MOND) gravitation. These produce ETGs with star-forming time-scales 
(SFT) comparable to those observed in the real Universe. Comparing these collapse models with observations, we set constraints 
on the initial size and density of the post-Big-Bang gas clouds in order to form ETGs. The ef fecti ve-radius–mass relation of 
the model galaxies falls short of the observed relation. Possible mechanisms for later radius expansion are discussed. Using 

hydrodynamic MOND simulations, this work thus for the first time shows that the SFTs observed for ETGs may be a natural 
occurrence in the MOND paradigm. We show that different feedback algorithms change the evolution of the galaxies only to a 
v ery minor de gree in MOND. The first stars have, ho we ver, formed more rapidly in the real Universe than possible just from the 
here studied gravitational collapse mechanism. Dark-matter-based cosmological structure formation simulations disagree with 

the observed SFTs at more than 5 σ confidence. 

Key words: galaxies: formation – galaxies: evolution – galaxies: elliptical – galaxies: star formation – galaxies: stellar content. 
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 I N T RO D U C T I O N  

resent-day early-type galaxies (ETGs) host old stars without much 
as and with a very low star formation activity. Studying the stellar
roperties of these galaxies is very important for understanding the 
osmic history of the Universe. Glazebrook et al. ( 2017 ) notes that
xtreme star formation events in the early Universe are not rare 
vents and that they play a significant role in the early mass assembly
f these galaxies. They report the disco v ery of a quiescent galaxy
ith stellar mass ≈ 1 . 7 × 10 11 M � at z = 3.17. Mart ́ın-Navarro

t al. ( 2018 ), in their stellar population analysis of ETGs, report that
he bulk of the stars form in a short time-scale with star formation
asting longer in the central re gions, and the y suggest that an early
onolithic formation is highly likely. The observational evidence 

s re vie wed in Yan, Je ̌r ́abkov ́a & Kroupa ( 2021 ) and Kroupa et al.
 2020 ), who sho w ho w the formation of supermassive black holes
s a natural outcome of the formation of ETGs within the integrated
alaxy-wide initial mass function (IGIMF; Kroupa & Weidner 2003 ; 
eidner & Kroupa 2006 ; Je ̌r ́abkov ́a et al. 2018 ; Yan et al. 2021 ) 

heory. 
The observations thus point towards putative progenitors of ETGs 

ndergoing very rapid early formation (Cowie et al. 1996 ; Nelan et al.
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005 ; Thomas et al. 2005 ; Recchi, Calura & Kroupa 2009 ; McDermid
t al. 2015 ; Liu et al. 2016 ). Studies based on elemental abundances
f the ETGs indeed constrain them to have formed rapidly on a time-
cale of ≈ 1 Gyr. Also, studies from stellar population models with
bserved line indices show that ETGs must have formed the bulk of
heir stars in a short time-scale. Cowie et al. ( 1996 ) suggested the
ame ‘downsizing’ to describe that the less massive galaxies have 
ore extended SFHs compared to the massive ones. 
The duration of the formation, i.e. the star-forming time-scale 

SFT) for ETGs, is expressed in Thomas et al. ( 2005 ), Recchi et al.
 2009 ), and McDermid et al. ( 2015 ) in terms of the downsizing time
hich is a function of the mass of the galaxy. These downsizing

ime-scales correspond to approximately 0.34 Gyr for a galaxy with 
 present-day baryonic mass of 10 12 M �, suggesting that it should
ave formed under a monolithic cloud collapse scenario rather than 
ierarchical merging that requires longer time-spans (Ricciardelli 
t al. 2010 ; Wuyts et al. 2010 ). On av erage, more massiv e galaxies
ave been found to have formed the bulk of their stars on a shorter
ime-scale and have completed their star formation activity at a higher
edshift (Daddi et al. 2005 ; Wiklind et al. 2008 ; Castro-Rodr ́ıguez &
 ́opez-Corredoira 2012 ) which points to a strong dependence of the
FT in a galaxy on its present-day stellar-mass content. 
Massive ETGs are thought to be important tracers of the cosmic

istory of the stellar mass assembly and of galaxy evolution. A
heoretical model that describes ETGs should explain how and why 
he y hav e these observ ed SFTs. The standard model of cosmology
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1 Candlish, Smith & Fellhauer ( 2015 ) developed a similar code independently 
called RAyMOND. 
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SMoC) has been successful in forming ETGs (see Naab & Ostriker
017 for a detailed re vie w on the theory and numerical simulations
n the SMoC) but has not been able to reproduce ETGs with SFTs
see Fig. B1 ) similarly short as the observed ETGs (Thomas et al.
005 ; Recchi et al. 2009 ; McDermid et al. 2015 ). With the existence
f dark matter (DM) remaining a hypothesis, an alternate theory of
osmology should be considered (Kroupa, P a wlowski & Milgrom
012 ; Kroupa 2015 ). 
By combining observational constraints on the dynamics in

alaxies with constraints from the Solar system, Milgrom ( 1983a )
orrected the theory of gravitation at low acceleration, which could
e a consequence of the quantum vacuum (Milgrom 1999 ; Pazy
013 ; Smolin 2017 ; Verlinde 2017 ). In analogy with Newtonian
ynamics, a non-relativistic Milgromian gravity theory (MOND) can
e constructed by setting up a Lagrangian which, upon extremization
f the action, yields a generalized Milgromian Poisson equation. Two
uch Lagrangians have been proposed, called AQ UAL (Bek enstein &

ilgrom 1984 ) and QUMOND (Milgrom 2010 ). The latter, which we
dopt hereafter, yields the following generalized Poisson equation, 

� ( � x ) = 4 πGρb ( � x ) + 

� ∇ · [ ̃  v ( 
∣∣∣ � ∇ φ

∣∣∣ /a 0 ) � ∇ φ( � x )] , (1) 

r, 

� ( � x ) = 4 πG [ ρb ( � x ) + ρph ( � x )] , (2) 

here ρb ( � x ) is the baryonic density, φ( � x ) is the Newtonian potential
hat fulfils the standard Poisson equation, �φ( � x ) = 4 πG ρb ( � x ) and

ilgrom’s constant a 0 ≈ 1 . 2 × 10 −10 ms −2 ≈ 3 . 8 pc Myr −2 . The
hantom dark matter (PDM) density, ρph ( � x ), is not a real density
istrib ution b ut a mathematical function that arises out of the non-
inearity of the Poisson equation. � ( � x ) is the total gravitational
otential from which the accelerations follow, � a = −� ∇ 

� � , and ˜ v ( y)
s a transition function characterizing the theory (see Milgrom 2008 ,
010 , 2014 ; F amae y & McGaugh 2012 ; and Banik & Zhao 2022 for
etailed re vie ws on the theory). ˜ v ( y) has the limits, 

˜  ( y) → 0 for y � 1 and ̃  v ( y ) → y −1 / 2 for y � 1 . (3) 

he abo v e formulation deals only with linear differential equa-
ions and is shown to emerge as a natural modification of a Palatini-
ype formulation of Newtonian gravity. It is a member of a larger
lass of bipotential theories (quasi-linear formulation of MOND;
 UMOND Milgrom 2010 ). Bek enstein & Milgrom ( 1984 ) also noted
 correspondence with some theories of quark confinement using a
ifferent form of the function ˜ v . 
MOND predicted galaxy scaling relations obeyed by galaxies

Milgrom 1983b ) such as the Baryonic Tully Fisher Relation (BTFR;
cGaugh et al. 2000 ; McGaugh 2005 , 2012 ; Liu et al. 2016 ) and the
adial Acceleration Relation (RAR; Sanders 1990 ; McGaugh 2004 ;
elli et al. 2017 ). 
Any realistic theory of galaxy formation has to address the question

f when and how the stars form in them. There exists a large body of
iterature on the formation of ETGs in the SMoC (Naab & Ostriker
017 for a re vie w). Here, we concentrate on the question whether
TGs can form in Milgromian gravitation from collapsing post-Big-
ang gas clouds and how these models compare to the observed
TGs. The aim of this work is to use simulations of collapsing and
on-rotating post-Big-Bang gas clouds to study the duration of their
FTs and the resulting size–mass relation. Galaxy-scale fluctuations

n an MOND Universe should grow by the application of MOND
o the peculiar accelerations allowing for large density contrasts and
or large galaxies to form as early as z = 10 −25 from the collapse
f almost isolated gas clouds. Nipoti, Londrillo & Ciotti ( 2007 )
nd Sanders ( 2008 ) have therefore studied disipationless collapse
NRAS 516, 1081–1093 (2022) 
n a MOND context. Here, we model for the first time the collapse
f massive non-rotating gas clouds including the physics of star
ormation. The results are found to be very close to the observations.
revious work has shown the important bulk properties of disc
alaxies to follow naturally from the collapse of initially rotating
ost-Big-Bang gas clouds (Wittenburg, Kroupa & F amae y 2020 ). 
The layout of this paper is as follows. In Section 2 , the numerical

ydrodynamical code used is discussed briefly and in Section 3 , the
etails of the simulations are described. The results from the work
re presented in Section 4 . Section 5 contains the discussion and
ection 6 has conclusions along with potential future work. 

 P H A N TO M  O F  RAMSES 

he Phantom of RAMSES ( POR ) code (L ̈ughausen, F amae y & Kroupa
015 ; Nagesh et al. 2021 ) is a customized version of RAMSES

Teyssier 2002 ), applying the adaptive mesh refinement (AMR)
ethod to solve the Milgromian Poisson equation (equation 1 ).

t uses a multigrid and a conjugate gradient solver to solve the
eneralized Poisson equation. 1 

There are several transition functions used in the literature to
ccommodate the non-linearity of the Poisson equation in MOND.
OR uses 

˜  ( y) = −1 

2 
+ 

(
1 

4 
+ 

1 

y 

) 1 
2 

, (4) 

here y = | � ∇ φ| /a 0 (see L ̈ughausen et al. 2015 ). 
The POR working scheme involves first solving the standard

oisson equation to compute the Newtonian potential, and then the
DM density is calculated using a discrete scheme (see L ̈ughausen
t al. 2015 ). Then, the Poisson equation is solved for a second time
ith the Newtonian density and PDM density to compute the total
ravitational potential. 
As for now, POR has been successfully applied in the simula-

ions of Antennae-like galaxies (Renaud, F amae y & Kroupa 2016 ),
imulations of the Sagittarius satellite galaxy (Thomas et al. 2017 ),
imulations of the Local Group producing the planes of satellites
B ́ılek et al. 2018 , 2021b ; Banik et al. 2022 ), simulations of streams
rom globular clusters (Thomas et al. 2018 ), simulations of the
ormation of exponential disc galaxies (Wittenburg et al. 2020 ),
he global stability of M33 (Banik et al. 2020 ), the evolution of
lob ular -cluster systems of ultra-diffuse galaxies due to dynamical
riction (B ́ılek et al. 2021a ), and polar-ring galaxies have also been
uccessfully modelled with a pre- POR code (L ̈ughausen et al. 2013 ).
 detailed user-guide can be found in Nagesh et al. ( 2021 ). 

 M O D E L S  

e use the POR numerical code introduced in Section 2 to set-up post-
ig-Bang gas clouds in an isolated environment in-order to allow a
rst assessment of how ETGs would have formed in MOND. Here,
e start with initial conditions comparable to those in Wittenburg

t al. ( 2020 ), but with no initial rotation. 
Stellar particles are created in POR if the gas mass-volume-density

xceeds a user-defined threshold value. The code checks at every
ime-step whether any cell exceeds the density threshold, and then
 stellar particle is created. Details on the conditions for the star
ormation threshold value and various other code parameters are
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escribed in L ̈ughausen et al. ( 2015 ), Wittenburg et al. ( 2020 ), and
agesh et al. ( 2021 ). 
In total 42 different model galaxies were calculated for this study

o understand how different initial masses, M initial , and initial radii, 
 initial , of the gas cloud can affect the SFT (Table 1 ). Only the
imple cooling/heating feedback algorithm is used in the simulation 
f all the model galaxies except models e34c and e39c, where a
ore complex feedback algorithm is used (see Section 4.3 ). The 

omputations are run for 10 Gyr. The starting temperature of the 
as is 10 4 K and the size of the simulation box is 1000 kpc. The
inimum and maximum refinement levels for the models 2 are 7 and 

2, respectively, which sets a limit to the minimum spatial resolution 
f 7.81 kpc and maximum spatial resolution of 0.24 kpc, respectively, 
or each simulation (Teyssier 2002 ; L ̈ughausen et al. 2015 ). 

In all computations, the star formation rate (SFR) is calculated by 
eparating all stellar particles in bins of δt = 10 Myr according to
heir age, summing up the stellar mass in every time bin and dividing
his by the length of δt . The SFR increases sharply at the time of
he collapse of the sphere until the maximum is reached and then it
ecreases approximately exponentially (Fig. 1 ). The SFH of a galaxy 
s constructed by the consecutive SFRs of each δt time-step. The SFH
an be represented by a Lorentz function (dashed grey line in Fig. 1 ), 

FR / M �yr −1 = 

SFR peak / M �yr −1 

π

+ 

(
0 . 5 · �τm 

/ Gyr 

( t/ Gyr − t peak / Gyr ) 2 + (0 . 5 · �τm 

/ Gyr ) 2 

)
, 

(5) 

here t peak is the time in the simulation where the peak of the SFH
s observed and �τm 

is the SFT for the model. The full-width at half
aximum (FWHM) of the SFH gives the duration for which the bulk

f the star formation takes place, so we use the FWHM to define the
FT (i.e. �τm 

) for the models in this work. 
The collapse for models with the same M initial and varying R initial 

hows that �τm 

increases with increasing R initial . The sum of all 
ormed stellar particles at the end of each simulation is the final
tellar mass, 3 M final , of each model, independently of the chosen 
eedback algorithm. The models here do not loose mass through 
utflows. 
We also calculate the time taken for the first stellar particle to

orm, t start , and compare it to the MOND free-fall time, 

 ff, mond = 

(π
2 

)0 . 5 
· R initial 

( G · M initial · a 0 ) 0 . 25 
, (6) 

equation 27 in Zonoozi et al. 2021 ) in Fig. C1 . The free-fall time can
e used as an approximation for the time the gas needs to collapse
nto stars. The models have t start comparable to the MOND free-fall 
ime (Fig. C1 ). 

 RESULTS  

e compare the SFTs, ages, and ef fecti ve radii of our simulated
alaxies with the observed galaxy properties in this section. The 
verage ages estimated by Thomas et al. ( 2005 ) from absorption line
ndices of 124 ETGs, t thomas for both high-density and low-density 
 Models e34c and e39c have maximum refinement levels of 14 and 13, 
espectively, which sets the maximum spatial resolution to 0.06 and 0.12 kpc. 
 We do not list the M final since the final mass of the model galaxy is equal to 
he initial mass of the gas cloud. 

a  

t

t

w  

t  
nvironments (quantities in brackets are the v alues deri ved for the
igh-density environment) can be written as 

 thomas = 1 . 33(2 . 67) · ( M final /M �) 0 . 07(0 . 05) , (7) 

equation 3 in Thomas et al. 2005 ) and the relation deduced for the
FTs is 

τthomas / Gyr = 3 . 67 − 0 . 37 · log 10 ( M final / M �) (8) 

equation 5 in Thomas et al. 2005 ), being the same for high- and
ow-density environments. 

.1 Downsizing SFH 

he SFTs are found to follow a similar downsizing behaviour as
ocumented in Thomas et al. ( 2005 , 2010 ), where, for a given R initial ,
he galaxies with larger masses (higher density) form at an earlier
poch compared to galaxies with lower masses (lower density). Fig. 2
hows that the model galaxies with high initial cloud density, ρ initial ,
orm earlier and quicker (shorter �τm 

) than model galaxies with low
initial . We use a power law function to obtain the scaling relation in
ig. 2 , 

τm 

/ Gyr = 3 . 03 · ( ρinitial / M �kpc −3 ) −0 . 30 . (9) 

A downsizing SFH can be well explained using Fig. 3 where the
FT is plotted against M final for each model galaxy along with the
bservations from Thomas et al. ( 2005 ), Recchi et al. ( 2009 ), and
cDermid et al. ( 2015 ). 
We use a power-law function to fit the models and obtain the

caling relation for the models in Fig. 3 , 

τm 

/ Gyr = A · ( M final / M �) B , (10) 

here A and B are fit parameters for each R initial given in Table A1 .
rom Fig. 3 , it can be seen that models with R initial = 500 kpc lead to
imilar �τm 

values as the observational results from Thomas et al. 
 2005 ) and models with R initial = 200 kpc and R initial = 300 kpc
re similar to the observational data from Recchi et al. ( 2009 ) but
teeper. The models with R initial = 50 kpc and R initial = 100 kpc do
ot agree with any of the observed relations. We note that our models
o not agree with the new downsizing relation obtained by Yan et al.
 2021 ) and this is discussed in Section 5 . 

Fig. 4 shows that only models with R initial = 500 kpc
 �τm 

/�τthomas ≈ 1) are comparable to the results from Thomas et al.
 2005 ). From here, we only consider models with R initial = 500 kpc
or discussions. Using the basic assumption that the standard age of
he Universe is 13.8 Gyr and the age dating deduced by Thomas et al.
 2005 ) for ETGs is valid, we translate the SFH of our models to a
ime related to the start of the Big Bang. Since our models have SFTs
omparable to Thomas et al. ( 2005 ), we assume that the peaks of the
FHs of our models should coincide with the average ages computed
y Thomas et al. ( 2005 ). This allows us to place our models to a time
elative to the Big Bang (equation 7 ). We shift the SFHs of our model
alaxies to a time corresponding to the average ages as deduced by
homas et al. ( 2005 ). To achieve this, we first transform the observed
verage formation times (equation 7 ) to time since the Big Bang, 

 av , th / Gyr = 13 . 8 − t thomas / Gyr , (11) 

nd the time the first stellar particles would have formed according
o the models presented here becomes 

 first / Gyr = t av , th / Gyr − ( t peak / Gyr − t start / Gyr ) , (12) 

here t start is the time when the first stellar particle is formed in
he simulation and t first is the time when the first star would have
MNRAS 516, 1081–1093 (2022) 
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M

Table 1. The initial conditions and results of all the models. 

Model M initial R initial �τm 

t start t peak r eff SFR peak 

Name (10 9 M �) (kpc) (Gyr) (Gyr) (Gyr) (kpc) (M � yr −1 ) 

e1 0.6 50 0.62 1.18 2.15 0.43 6.71E + 00 
e2 1 50 0.53 1.02 1.86 0.47 1.34E + 01 
e3 6.4 50 0.17 0.51 0.82 0.39 2.66E + 02 
e4 10 50 0.13 0.44 0.71 0.6 5.20E + 02 
e5 30 50 0.07 0.29 0.49 0.84 2.06E + 03 
e6 50 50 0.05 0.23 0.44 0.73 4.40E + 03 
e7 64 50 0.05 0.21 0.41 0.67 7.22E + 03 
e8 70 50 0.04 0.2 0.39 0.77 7.94E + 03 
e9 100 50 0.04 0.17 0.35 0.83 1.45E + 04 
e10 0.6 100 0.91 2.46 3.5 0.4 4.88E + 00 
e11 1 100 0.78 2.11 3.95 0.53 1.03E + 01 
e12 5 100 0.37 1.19 1.73 0.47 9.67E + 01 
e13 10 100 0.26 0.95 1.41 0.47 2.77E + 02 
e14 20 100 0.19 0.73 1.21 1.41 6.05E + 02 
e15 30 100 0.16 0.63 1.07 0.56 1.12E + 03 
e16 50 100 0.13 0.52 0.92 0.68 2.52E + 03 
e17 64 100 0.11 0.48 0.87 0.75 3.97E + 03 
e18 70 100 0.11 0.46 0.85 0.77 4.40E + 03 
e19 100 100 0.09 0.4 0.76 0.99 7.78E + 03 
e20 0.6 200 1.62 5.12 6.4 0.4 3.15E + 00 
e21 1 200 1.38 4.37 7.57 0.56 6.38E + 00 
e22 10 200 0.53 1.95 2.98 0.55 1.27E + 02 
e23 30 200 0.34 1.31 2.18 0.68 6.25E + 02 
e24 50 200 0.28 1.11 1.90 1.21 1.32E + 03 
e25 70 200 0.25 0.99 1.76 0.93 2.18E + 03 
e26 100 200 0.22 0.87 1.59 0.93 3.62E + 03 
e27 0.6 300 1.65 7.91 9.29 0.31 2.54E + 00 
e28 5 300 0.79 3.81 5.09 0.46 4.51E + 01 
e29 10 300 0.65 2.99 4.48 1.03 9.41E + 01 
e30 30 300 0.48 2.02 3.31 0.76 4.48E + 02 
e31 50 300 0.42 1.68 2.9 0.73 8.96E + 02 
e32 70 300 0.39 1.49 2.66 0.83 1.38E + 03 
e33 100 300 0.35 1.32 2.42 1.36 2.34E + 03 
e34 6.4 500 1.41 5.97 8.44 0.41 3.29E + 01 
e34c 6.4 500 1.43 5.96 8.41 0.39 3.25E + 01 
e35 10 500 1.18 5.09 7.45 0.47 6.41E + 01 
e36 30 500 0.75 3.43 5.58 0.6 2.85E + 02 
e37 50 500 0.62 2.85 4.88 0.84 5.95E + 02 
e38 64 500 0.55 2.58 4.48 0.95 8.60E + 02 
e39 70 500 0.54 2.48 4.4 1.04 9.39E + 02 
e39c 70 500 0.53 2.47 4.44 1.09 9.48E + 02 
e40 1000 500 0.24 1.03 1.9 1.7 1.48E + 04 

Notes . M initial is the initial mass of the post-Big-Bang gas cloud, R initial is the initial radius of the post-Big-Bang 
gas cloud, �τm 

is the resulting SFT, t peak is the time after start of the simulation when the first stellar particle 
is formed, t peak is the resulting time when the peak of the SFH is observed in the simulation, r eff is the resulting 
projected ef fecti v e radius, and SFR peak is the resulting SFR at the peak of the SFH. All the models here hav e a 
maximum resolution of 0.24 kpc except for models e34c and e39c, which have a maximum resolution of 0.06 and 
0.12 kpc, respectively. Models e34c and e39c are computations with complex feedback (see Section 4.3 ). 
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ormed in the ETG relative to the Big Bang that is consistent with
he Thomas et al. ( 2005 ) age–mass relation. Fig. 5 shows the average
ge and when the first star forms in the models for both low- and
igh-density environments. Fig. 6 is a representation of the SFH
f the model galaxies that follow the downsizing timescales as
educed by Thomas et al. ( 2005 ). That is, a massive ( ≈10 12 M �)
ost-Big-Bang gas cloud would have started to form an ETG around
.5 Gyr after the Big Bang in a high-density environment and 3.6 Gyr
fter the Big Bang in a low-density environment. The observed
uasar activity only ≈ 0.70 Gyr after the Big Bang suggests that
here may have been significantly more overdense regions (Kroupa
t al. 2020 ). The transparent SFHs in Fig. 6 are on the time axis
NRAS 516, 1081–1093 (2022) 
here t = 0 is the start of the simulation. Thus, the real Universe
ppears to have accelerated the start of the collapse even in the low-
ensity regions. Rather than the real Universe having accelerated the
nset of star formation, another interpretation of Fig. 6 is possible
hough. Fig. 6 shows that the low-mass models agree with the
bserved galaxies in terms of the time when the first stars formed
n low-density environments, while the massive models agree with
he observed timings in high-density regions. This suggests that
ow-density regions form preferentially low-mass galaxies, while
igh-density regions form preferentially massive galaxies. This will
e testable with cosmological structure formation simulations in
OND. 
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Figure 1. SFH of model e39 (Table 1 ). The red dots are the SFR at each δt 
and the dashed grey line is the calculated best fit (equation 5 ). The x -axis is 
the time in the computational domain where the computation and thus the 
collapse starts at 0 and the calculation ends at 10 Gyr. The fit is done only to 
obtain the FWHM of the SFH and the discrepancy at large t is not important 
for the purpose of this study. 

Figure 2. SFT–density relation for all models listed in Table 1 . The coloured 
markers are model galaxies and the dashed grey line is the calculated best fit 
(equation 9 ). 
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Figure 3. SFT–mass relation. The coloured markers are model galaxies listed 
in Table 1 with different R initial as indicated by the legend. The observationally 
constrained relations are from Thomas et al. ( 2005 ) (dashed green line), 
Recchi et al. ( 2009 ) (solid green line), and Yan et al. ( 2021 ) (which is a 
combination of equation 3 of Thomas et al. 2005 and equation 3 of McDermid 
et al. 2015 , dotted green line). The red left-pointing triangles are the models 
with complex feedback (see Section 4.3 ). 

Figure 4. A plot showing the ratio of SFTs of the model galaxies and 
observed galaxies ( �τm 

/�τthomas ) versus final stellar mass of the galaxy. The 
coloured markers are model galaxies as listed in Table 1 with different R initial 

as indicated by the legend. The dashed black line is where �τm 

= �τ thomas . 
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.2 Effecti v e radii of the model galaxies 

he ef fecti ve radius is defined as the projected radius within which
alf of the final stellar mass of the model galaxy is found, assuming
hat the mass density follows the luminosity density, this can be 
ompared to the projected half-light radius from observations. The 
f fecti ve-radius is calculated by projecting the model galaxy into 
he XY plane (Eappen et al. in preparation will further discuss
he ef fecti ve-radius in other projections as well). The shape of the
odel galaxy is found to be disc-like similar to Wittenburg et al.

 2020 ). The collapse occurs along the Z -direction such that the mid-
lane of the formed galaxy is the XY plane. The ef fecti ve-radius,
 eff , is plotted against M final of the model galaxies and compared
o the real galaxies from Dabringhausen & Fellhauer ( 2016 ) in
ig. 7 . 
The MOND radius, r M 

, at which the Newtonian radial acceleration 
quals a 0 (Milgrom 2014 ) is 

 M 

= 

(
G · M final 

a 0 

)0 . 5 

, (13) 
MNRAS 516, 1081–1093 (2022) 
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M

Figure 5. t av, th and t first versus M final for models with R initial = 500 kpc in the low-density ( left ) and high-density ( right ) environment (equations 11 and 12 ). 
The times are computed since the nominal Big Bang. The unfilled upward pointing purple triangles in the second panel are relative to the start of the computation 
at t = 0. 
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nd is plotted as the solid red line in Fig. 7 . Sanders ( 2008 ) notes
hat the ef fecti ve radius of the dissipationless models in his work are
omparable to r M 

; that is, galaxy mass ( ≈10 11 M �) objects naturally
ollapse to a radius of about 10 kpc. The hydrodynamical dissipative
imulations of the models in this work form model galaxies similar in
hape, size and kinematical properties to the compact relic galaxies
ike NGC 1277 (Trujillo et al. 2014 ) and this will be discussed in a
ompanion paper (Eappen et al. 2022b, in preparation). 

The best-fitting relation for the Dabringhausen & Fellhauer ( 2016 )
alaxies in Fig. 7 is given by 

 D / pc = 0 . 46 · ( M � / M �) 0 . 35 , (14) 
NRAS 516, 1081–1093 (2022) 
here r D is the observed ef fecti ve-radius calculated by Dabring-
ausen & Fellhauer ( 2016 ) and M � is the total stellar mass of the
alaxy. The best fit for the model galaxies in Fig. 7 is calculated
sing a power-law function, 

 eff / pc = 0 . 12 · ( M final / M �) 0 . 36 . (15) 

t can be seen in Fig. 7 that the ef fecti ve-radius–mass relation (equa-
ion 15 ) of the model galaxies has a power-law index comparable
o the ef fecti ve-radius–mass relation (equation 14 ) of the observed
TGs from Dabringhausen & Fellhauer ( 2016 ) but that it falls below

he observed relation by a factor of 4. 

art/stac2229_f5.eps


The formation of ETGs 1087 

Figure 6. A plot showing the SFH of model e40, e39, e38, e37, e36, and e35 (Table 1 ) in the low-density ( left ) and high-density ( right ) environment. The black 
line is the time when the first star is formed in the models. Each model has been shifted in time according to the Thomas et al. ( 2005 ) age dating (equations 11 
and 12 ). The nearly transparent SFHs are relative to the start of the computation at t = 0. 
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It is possible that the monolithic collapse that forms individual 
ompact ETGs occur in the inner regions of local density enhance- 
ents that form neighbouring gas clouds which collapse monolithi- 

ally, forming binary or even more ETGs (similar to collapse of stars
n a very dense configuration, e.g. Joseph & Wright 1985 ; Wright
t al. 1988 ; Stolte et al. 2014 ). If these are on radial orbits they would
er ge, leaving a mer ger remnant which is likely to have a lar ger

f fecti ve-radius (for further empirical evidence that ETGs formed 
rst at their innermost regions, see section 2.2 in Kroupa et al. 2020 ).
rujillo et al. ( 2007 ) study an ef fecti ve size e volution of compact
alaxies where they find that the massive ETGs were formed in the
arly Universe, and have subsequently evolved passively until today. 
hey find an ef fecti ve-size e volutionary mechanism would be able to
volve their compact galaxies to the observed local relation with just
wo major mergers. To investigate this, we study the merger scenario 
here two model galaxies listed in Table 1 are placed 100 kpc apart

n a box of 1 Mpc. The models only consist of stellar particles. The
pin angular momentum of each model galaxies is retained as they 
re placed in the new box and they merge under MOND gravity to
orm a new merged model galaxy in 1.5 Gyr. Table 2 lists the initial
onditions and results of the merged models. Five different merger 
tudies were done placing the models at different axes and at different
rientation. M1, M2, M3, and M4 are merged models formed from
he merger of the same model galaxies and M5 is formed by the
erger of model galaxies of different masses (e39 and e36) that
erge at different angles with respect to the XY plane (where parent
odels e36 and e39 are placed tilted at an angle of 45 deg with respect

o the XY plane). The ef fecti ve-radius–mass relation of these merged
odels is plotted in Fig. 7 . It can be seen that the merged models

ie around the same dashed black line as the real ETGs in Fig. 7 . A
etailed study of the morphology and other structural properties of 
hese merged galaxies will be discussed in a follow-up paper (Eappen
t al. in preparation). 

Another possible mechanism for the model galaxies to reach large 
adii is through stellar evolution mass-loss, which is directly linked 
o the galaxy-wide initial mass function (IMF) assumed. It has been
MNRAS 516, 1081–1093 (2022) 
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M

Figure 7. The ef fecti ve-radius–mass relation. The green triangles are the 
real ETGs from Dabringhausen & Fellhauer ( 2016 ), purple triangles are the 
model galaxies e34 to e40 with R initial = 500 kpc listed in Table 1 and the 
blue M’s are the merged models listed in Table 2 . The black dashed line is 
the best fit for the real galaxies (equation 14 ), and the grey dashed line is the 
best fit for the model galaxies (equation 15 ). The solid red line is the MOND 

radius (equation 13 ) and the red left-pointing triangles are the models with 
complex feedback (see Section 4.3 ). 

Table 2. Initial conditions of the merger models. 

Model Parent r eff M final 

Name models (kpc) (M �) 

M1 e35 + e35 2.6 0.17E11 
M2 e36 + e36 2.9 0.38E11 
M3 e37 + e37 3.2 0.9E11 
M4 e39 + e39 3.0 1.25E11 
M5 Re36 + Re39 2.4 0.75E11 

Notes . Column 1: name; column 2: the models from Table 1 
that merge; column 3 ( r eff ): the ef fecti ve-radius of the merged 
model; and column 4 ( M final ): the mass of the merged model. 
Models Re36 and Re39 are models e36 and e39 but rotated (see 
the text for details). 
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hown that the stellar remnant population is comparable to the mass
f living stars in the IGIMF theory, but using a canonical invariant,
MF would decrease the remnant mass to be much lower than the
tellar mass (Yan et al. 2019 ). Yan et al. ( 2021 ) finds that the ratio
f dynamical mass and stellar mass, M dyn / M � , is higher for more
assive galaxies, because they have a more top-heavy galaxy-wide

MF and more stellar remnants. Given the high SFRs ( > 10 2 M � yr −1 )
he model galaxies reach (Table 1 ), it is expected that the IGIMF is
op heavy (Yan, Jerabkova & Kroupa 2017 ; Je ̌r ́abkov ́a et al. 2018 ;
an et al. 2021 ), leading to significant mass loss from the evolving
tars. This mass lost would be in the form of gas and if it is heated
ufficiently enough it would expand and lead to the expansion of the
alaxy (Suzuki et al. 2022 ). 
NRAS 516, 1081–1093 (2022) 
.3 Effects of complex feedback mechanism 

he abo v e results (e xcept for models e34c and e39c) hav e been ob-
ained using the simple feedback algorithm (simple cooling/heating
nd no additional more complex baryonic physics, such as su-
ernovae). Models e34c and e39c were computed with additional
eedback process to investigate how complex baryonic physics
ffects the results obtained. 

The simple star formation algorithm only considers the heat-
ng/cooling modules in POR . Cooling and heating of the gas are
omputed by using tables that are included in the code, which
escribe the cooling and heating rates due to several physical
rocesses. POR uses Courty & Alimi ( 2004 ) look-up tables for the
ifferent cooling/heating processes. The complex feedback algorithm
ncludes more initial inputs such as supernov ae, radiati ve transfer,
ink particles, and a higher refinement level which increases the
esolution of the simulation. The supernova (and in fact all feedback
cheme) scheme is implemented as in RAMSES where the kinetic part
f the supernova energy is injected as a spherical blast wave with
he size of galactic superbubbles of radius 150 pc. The radiative
ransfer option allows to compute the radiative transfer between
tellar particles with the addition of photon fluxes which uses a
rst-order Goduno v solv er (Rosdahl et al. 2013 ). A sink particle
cheme is used to stabilize the simulation by artificially stopping
he collapsing gas cloud if a certain density is exceeded and the gas
s condensed into a point mass (sink particle, see Teyssier 2002 ;
 ̈ughausen et al. 2015 ; Wittenburg et al. 2020 ; Nagesh et al. 2021 for
 detailed description on how RAMSES and POR handles feedback). 

The model e39c has the same R initial and M initial as model e39 but
s computed with complex baryonic feedback of supernovae, sink
articles, and radiative transfer with a higher resolution (maximum
efinement level set to 13 instead of 12). Similarly, model e34c has the
ame initial conditions as model e34 but is computed with a higher
esolution (maximum refinement level set to 14 instead of 12). Fig. 8
hows the SFH of the models with simple and complex feedback.
able 3 shows the effect of feedback on the models which have

he same R initial and M initial . The percentage change (PC) is calculated
sing equation ( D1 ) in Appendix D and the results obtained (Table 3 )
how that the percentage change of the results from the complex
eedback is within 5 per cent of the results obtained from simple
eedback. The complex feedback is significantly more CPU intensive
ut is found to affect the results negligibly (see Fig. 3 , 7 , and 8 and
able 3 ), as already shown in the disc–galaxy formation simulations
y Wittenburg et al. ( 2020 ). This demonstrates again that differences
n the feedback processes play a minor role in the evolution of
alaxies and that the physics of galaxy evolution are pre-dominantly
efined by the Milgromian law of gravitation (Kroupa 2015 ). 

 DI SCUSSI ON  

he monolithic post-Big-Bang collapse of non-rotating gas clouds
n MOND results in a SFT–mass relation (equation 10 ) which
s comparable to the observed relation for ETGs (Thomas et al.
005 , 2010 ). Collapsing post-Big-Bang gas clouds in Milgromian
ravitation thus behave as the observed ETGs in terms of the collapse
iming (i.e. more massive clouds collapse faster and form their stellar
articles more quickly as shown in Fig. 2 ). The grid of models with
ifferent R initial and M initial allows us to constrain R initial ≈ 500 kpc
s best fitting the observed SFT–mass relation. This suggests that
ypically a region spanning almost a Mpc across collapsed to form
TGs if sufficiently massive. We note that field elliptical galaxies
re slightly younger (consistent with the results found by Thomas

art/stac2229_f7.eps
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Figure 8. A plot comparing the SFH of models with simple and complex feedback. Models e34c and e39c are models with complex feedback. 

Table 3. Effects of feedback. 

Simple feedback Complex feedback 

e34 e34c PC 

r eff 0.41 0.39 −4.87% 

�τm 

1.41 1.43 + 1.41% 

e39 e39c PC 

r eff 1.04 1.09 + 4.80% 

�τm 

0.54 0.53 −1.85% 

Note . PC shows the percentage change (equation D1 ) in the results obtained 
from models with same R initial and M initial but with simple (e34 & e39) and 
complex (e34c & e39c) feedback. 
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t al. 2005 ) but otherwise do not differ significantly from elliptical
alaxies in clusters (Saracco et al. 2017 ). This suggests that also
n the field the bulk stellar population of elliptical galaxies formed 
hrough monolithic collapse on the downsizing time-scale. 

How do these results compare to the expectations from the standard 
ierarchical structure formation theory as quantified through the 
llustris TNG (Pillepich et al. 2018a ; Nelson et al. 2018 , 2019a )
nd Eagle (Schaye et al. 2015 ; McAlpine et al. 2016 ) projects?
t is noted that Fontanot & Monaco ( 2010 ) write: ‘The so-called
ownsizing trend in galaxy formation (e.g. more massive galaxies 
orming on a shorter timescale and at higher redshift with respect to
ower mass counterparts) is not fully reco v ered.’ On the other hand,
ased on their analysis of the Millenium Simulation, De Lucia et al.
 2006 ) claim ‘These findings are consistent with recent observational 
esults that suggest “down-sizing” or “anti-hierarchical” behaviour 
or the star formation history of the elliptical galaxy population, 
espite the fact that our model includes all the standard elements of
ierarchical galaxy formation and is implemented on the standard, 
 CDM cosmogon y.’ Giv en these discrepant results based on the

ame theory and observ ational data, we e v aluate the formation time-
cales of ETGs that form in the Illustris TNG and EAGLE projects
see Figs B1 and B2 ), noting that both of these rest on very different
imulation codes (AMR versus SPH, respectively) and also very 
ifferent baryonic physics algorithms. The details are provided in 
ppendix B and the result is, in summary, that the formation time-

cales of ETGs formed in both of these simulation projects do not
oncur with the observed population. 

The MOND radius (equation 13 ) proposed by theory is larger but
ollows the same trend as the observed r eff . This similarity of the

OND radius and the ef fecti ve-radius was first noted by Sanders
 2008 ), where he concludes that a dissipationless initially expanding 
as cloud collapse would naturally form galaxies with ef fecti ve-radii 
hat are comparable to their MOND radii. The models in our study
o not consider an expanding gas cloud collapse and fall short of
his expected ef fecti ve-radius–mass relation (see Fig. 7 ), but this is
ossibly also due to a non-variant galaxy-wide IMF which makes the
ost-Big-Bang clouds to collapse too deeply. If, on the other hand, the
alaxy-wide IMF varies such that it becomes top-heavy at a high SFR
e.g. Je ̌r ́abkov ́a et al. 2018 ; Yan et al. 2021 ) then the collapse is likely
ess deep and r eff will end up larger. We do not address the chemical
volution of the models here as the chemical enrichment has not yet
een incorporated into POR and would also require a systematically 
arying galaxy-wide IMF (the current simulations ef fecti vely assume 
he canonical IMF for the formation of stellar particles). The SFHs
f the models presented here are ho we ver comparable, by virtue of
hem matching the formation timescales, with the constraints from 

bundance and stellar population observations as analysed by Yan 
t al. ( 2021 ). It is to be expected that the bulk chemical enrichment
f the models computed here would follow the closed box models
f Yan et al. ( 2021 ). The problem of spatially-resolved chemical
nrichment of the forming model ETGs will be studied in the future
n connection with the systematically varying galaxy-wide IMF. 

The model galaxies in this work do not agree with the SFT–mass
elation found in Yan et al. ( 2021 ) (dotted green curve in Fig. 3 ).
his is possibly due to the non-variant IMF that is assumed in the
imulation as mentioned abo v e. The other method through which the
odel galaxies could reach the Yan et al. ( 2021 ) SFT–mass relation is

f the gas cloud collapse calculations are considered in an expanding
osmological volume which will be investigated in the future. 

In Fig. 7 , we show that mergers of the model galaxies form
odels that lie on the observationally deduced ef fecti ve-radius–
ass relation. These kinds of mergers could happen in the initially

ensest parts of the Universe, for e.g. in central regions of galaxy
lusters, where the galaxies would have initially formed through 
onolithic collapse of post-Big-Bang gas clouds and then slightly 

ater merge with another galaxy of comparable mass in a time-scale
omewhat larger than the formation timescale of these galaxies to 
each the observed ef fecti ve-radius–mass relation. The morphology 
nd structural properties of the model galaxies and the mergers using
ifferent projections will be discussed in a follow-up paper (Eappen 
t al. in preparation) where we find that the shape of these merged
odels is triaxial and very similar to the observed ETGs. Thus,

he formation time-scales and other observed chemical properties of 
TGs could have been embedded in them before they undergo one
r two major mergers such that only the structural properties and the
orphology of these ETGs changed through the mergers. Trujillo 

t al. ( 2007 ) report a similar result in their study of size evolution
MNRAS 516, 1081–1093 (2022) 
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f massive galaxies at different redshifts. They find that at z ≈ 1.5
assive spheroid like objects were a factor of 4 smaller than we see

oday and suggest that just two major mergers of equal mass would
volve the size of the galaxy to what we observe today . Similarly ,
ipino & Matteucci ( 2008 ) in their study of ETGs through chemical
volution models find that a series of dry mergers of galaxies is not
he way to reco v er downsizing and suggest 1–3 major-dry mergers
o be in agreement with the observations. Our results show that it is
ossible to evolve the size and mass of the galaxy without changing
he intrinsic properties of the galaxy such as the SFT without a large
umber of mergers. 

 C O N C L U S I O N  

n this work, we discuss the formation of ETGs in comparison with
bservational results. The isolated monolithic collapse of post-Big-
ang clouds of different initial radii at fixed mass is computed in
ilgromian gravitation and is found to produce model galaxies with

FTs similar to the observed ETGs. 
The main results are as follows: 

(i) This work for the first time shows that the SFTs observed
or ETGs is a natural occurrence in the MOND paradigm if ETGs
orm from monolithically collapsing non-rotating post-Big-Bang gas
louds. We were able to reproduce the SFTs as noted by observations
Fig. 3 ). The models with R initial = 500 kpc are similar to the relation
f Thomas et al. ( 2005 , 2010 ) and the models with R initial = 200 kpc
t fairly closely to the relation of Recchi et al. ( 2009 ). This work

hereby gives a rough estimate of the initial conditions of the post-
ig-Bang clouds in order to produce ETGs. The results indicate

hat the observed Universe started to form ETGs earlier than the
ere studied collapse models (assuming t = 0 is the Big-Bang),
lthough the SFTs of the models match those observed for gas clouds
ith initial radii in the range of 200–500 kpc. Higher resolution

imulations and different cosmological expansion models will be
eeded to address this issue. Lambda cold dark matter ( � CDM)
odels cannot account for the observed time-scales (Figs B1 and B2 ).
(ii) The ef fecti ve-radius–mass relation of the model galaxies

alls short of the expected value but the models with only one
ajor merger (Fig. 7 ) are found to be consistent with observations

Dabringhausen & Fellhauer 2016 ). 
(iii) We find that different feedback processes affect the results

egligibly (as already shown by Wittenburg et al. 2020 in their
ormation of disc-galaxies), suggesting that the physics of galaxy
ormation is pre-dominantly defined by the Milgromian law of
ravitation (Kroupa 2015 ). 

The future aspects of this project will analyse the structural
roperties and shapes of both the model galaxy and merged galaxies,
sing different projections to calculate the sizes (Eappen et al. 2022c,
n preparation). Then the next step would be to investigate how
 possible inclusion of a systematically varying galaxy-wide IMF
Yan et al. 2017 ) would lead to the expansion of the models also
aking into account the cosmological expansion of space. 
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Table A1. Fit parameters for equation ( 10 ). 
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PPENDI X  A :  FIT  PA R A M E T E R S  

he fit parameters for equation ( 10 ) are provided in Table A1 . 

PPENDI X  B:  SFTS  F O R  � C D M  SI MULATIO NS  

sing the TNG50-1 and TNG100-1 simulation of the Illustris The 
ext Generation (TNG) project (Nelson et al. 2018 , 2019a , b ;
illepich et al. 2018a , b , 2019 ; Weinberger et al. 2017 ; Marinacci
t al. 2018 ; Naiman et al. 2018 ; Springel et al. 2018 ) and the
ef-L100N1504 simulation (hereafter EAGLE100) of the EAGLE 

roject (Crain et al. 2015 ; Schaye et al. 2015 ; McAlpine et al.
016 ; The EAGLE team 2017 ), the star formation time-scales, SFTs,
f the formed model galaxies are investigated within the � CDM
ramework. These projects are sets of different self-consistent 
osmological galaxy formation simulations. The TNG project is 
onsistent with the Planck-2015 (Planck Collaboration XIII 2016 ) 
esults: H 0 = 67 . 74 km s −1 Mpc −1 , �b, 0 = 0.0486, �m, 0 = 0.3089,
� , 0 = 0.6911, σ 8 = 0.8159, and n s = 0.9667. Here, the TNG50-1

as a box side of 51.7 co-moving Mpc (cMpc) an initial baryonic
ass resolution of m b = 8 . 5 × 10 4 M �, and a dark matter particle
ass of m dm 

= 4 . 5 × 10 5 M �. The TNG100-1 simulation has a
ox side of 110.7 co-moving Mpc (cMpc), m b = 1 . 4 × 10 6 M �,
nd m dm 

= 7 . 5 × 10 6 M �. An o v erview of the physical and numer-
cal parameters is given in table 1 of Nelson et al. ( 2019 ). The
AGLE project assumes the Planck-2013 (Planck Collaboration 
 2014 ) measurements with the cosmological parameters being 
 0 = 67 . 77 km s −1 Mpc −1 , �b, 0 = 0.04825, �m, 0 = 0.307, �� , 0 =

.693, σ 8 = 0.8288, and n s = 0.9611 (see also table 1 of Schaye
t al. 2015 ). The EAGLE100-1 run has a box size of 100 cMpc,
n initial baryonic particle mass of m b = 1 . 81 × 10 6 M �, and a dark
atter particle mass of m dm 

= 9 . 70 × 10 6 M � (table 2 of Schaye
t al. 2015 ). 

We select present-day ( z = 0) subhaloes with a stellar mass M ∗ >

0 9 M � and a SFR of SFR < 10 −3 M � yr −1 . In addition, we remo v e
ubhaloes with a subhaloflag value of 0 in the TNG simulation,
nsuring that only galaxies or satellites of a cosmological origin are
onsidered. This gives a final sample of 418 (45 central galaxies),
384 (803 central galaxies), and 2916 (373 central galaxies) galaxies 
n the TNG50-1, TNG100-1, and EAGLE100 run, respectively. 

The SFT in the cosmological � CDM simulations is calculated by
sing three different methods. In the first approach, we extract the
ormation time and the masses of the stellar particles at z = 0 of
he abo v e selected galaxies. The SFT, �τ , for the TNG100-1 and
AGLE100 data is calculated using the same method as described in
ection 3 , where the FWHM of the SFH gives the duration for which

he bulk of the star formation takes place. The SFR is calculated by
eparating all stellar particles in bins of δt = 10 Myr according to
heir age, summing up the stellar mass in every time bin and dividing
his by the length of δt . Their SFT–mass relation is shown in the top
anels of Fig. B1 . 
In the second method, we extract again the stellar particles at z =

 of the selected galaxies but using the mass of the star particle at the
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M

Figure B1. SFT–mass relation of model galaxies formed in the TNG100-1 ( left ), TNG50-1 ( centre ), and EAGLE100 ( right ) (SMoC) simulation by using the 
method 1 (top panels) and method 2 (bottom panels) compared with observationally constrained relations for ETGs. The orange coloured dots labelled as CG 

are the central galaxies in each simulation. There are a total of 30 bins on the x- and y-axis and the binsize is 0.08 dex. 

Figure B2. Same as Fig. B1 but using method 3 as described in Appendix B . 
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ime of its formation in order to calculate the SFT (bottom panels of
he Fig. B1 ). We use the same method as described abo v e to calculate
he SFRs and obtain the SFT–mass relation. 

The mean of �τ for all three simulation runs lies around 5 Gyr
nd a trend in M ∗ is absent for both methods (except for EAGLE) but
s in complete disagreement to observed ETGs (Thomas et al. 2005 ;
ecchi et al. 2009 ; McDermid et al. 2015 ). The Wilcoxon Signed-
ank test (Bhattacharyya & Johnson 1977 ) shows the SMoC models

o disagree with the observed SFTs at more than 5 σ confidence
NRAS 516, 1081–1093 (2022) 
ecause the latter lie consistently and significantly below the former.
In the third method, we trace the selected galaxies back in cosmic

ime by using the merger tree catalogues (Rodriguez-Gomez et al.
015 ) and extract their SFR from the Subfind Subhalo catalogues at
ifferent snapshots. For this, we only select subhaloes with a dark
atter mass of M dm 

> 0 in order to guarantee that these galaxies
re included in the merger trees catalogues. This gives 417 and 4296
ubhaloes in the TNG50-1 and TNG100-1 run, respectively. Their
FT–mass relation is shown in Fig. B2 . 
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igure C1. Collapse time–cloud density relation for all models with R initial 

 500 kpc. The purple triangles are the time when the first stellar particle is
ormed in the simulation, t start , and the red triangles are the MOND free-fall
ime (equation 6 ). 

The third method cannot be applied for the EAGLE run because 
nly 29 snapshots outputs (see table C.1 of McAlpine et al. 2016 )
re publicly available and a fit cannot be made to get the SFT. 

Given the test performed here which relies on quantifying the 
resent-day (z = 0) galaxies in the cosmological simulations, 
he results unambiguously show that the models do not have the 
bserved downsizing. This is in contradiction to other � CDM models 
see section 2.3 of Wright et al. 2019 ) where they use their own
uantification of measuring quenching times of model galaxies. All 
 methods result in a 5 σ tension (Figs B1 and B2 ). 

PPENDI X  C :  COLLAPSE  TIME  

he MOND free-fall time is the time taken for the gas cloud to
ollapse under its own gravitational attraction to form stars. This 
s calculated using equation ( 6 ) (see Zonoozi et al. 2021 ). We
ompare the time taken for the first stellar particle to form in the
imulation, t start , with this theoretical value (Fig. C1 ). The t start ,
nd the MOND free-fall time are comparable in our simulation 
emonstrating consistency between the numerical and analytical 
esults. 

PPENDI X  D :  PERCENTAG E  C H A N G E  

he percentage change (PC) quantifies the change from an initial 
alue to the new value and expresses the change as an increase or
ecrease, 

C = 

( X 2 − X 1 ) 

| X 1 | × 100 . (D1) 

Here, X 1 is the initial value and X 2 is the new value. If the PC
btained is a positi ve v alue then it is quantified as an increase from
he initial value and if the obtained PC is ne gativ e then it is quantified
s a decrease from the initial value. In Table 3 , the results obtained
or the simple feedback (SF) models are used as the initial values
nd the results obtained for the complex feedback (CF) are used as
he new values. 
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