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A B S T R A C T 

We discuss the cold dark matter plus massive neutrinos simulations of the MillenniumTNG project, which aim to impro v e 
understanding of how well ongoing and future large-scale galaxy surv e ys will measure neutrino masses. Our largest simulations, 
3000 Mpc on a side, use 10240 

3 particles of mass m p = 6 . 66 × 10 

8 h 

−1 M � to represent cold dark matter, and 2560 

3 to represent 
a population of neutrinos with summed mass M ν = 100 meV. Smaller volume runs with ∼630 Mpc also include cases with 

M ν = 0 and 300 meV . All simulations are carried out twice using the paired-and-fixed technique for cosmic variance reduction. 
We evolve the neutrino component using the particle-based δf importance sampling method, which greatly reduces shot noise 
in the neutrino density field. In addition, we modify the GADGET-4 code to account both for the influence of relativistic and 

mildly relativistic components on the expansion rate and for non-Newtonian effects on the largest represented simulation scales. 
This allows us to quantify accurately the impact of neutrinos on basic statistical measures of non-linear structure formation, 
such as the matter power spectrum and the halo mass function. We use semi-analytic models of galaxy formation to predict 
the galaxy population and its clustering properties as a function of summed neutrino mass, finding significant ( ∼10 per cent ) 
impacts on the cosmic star formation rate history, the galaxy mass function, and the clustering strength. This offers the prospect 
of identifying combinations of summary statistics that are optimally sensitive to the neutrino mass. 

Key words: methods: numerical – dark matter – large-scale structure of Universe – cosmology: theory – galaxies: haloes. 
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 I N T RO D U C T I O N  

he advent of ever larger and more precise astronomical data sets o v er
he past decades has led to tremendous progress in our understanding
f cosmology, culminating in the establishment of a standard model,
 CDM, whose basic premises are now subject to precision tests

y ongoing and planned experiments (LSST Science Collaboration
009 ; Laureijs et al. 2011 ; Takada et al. 2014 ; Alam et al. 2021 ;
ellier et al. 2025 ; Adame et al. 2024 ). In fact, the forthcoming new

ata will be so precise that they will not only be able to detect potential
eviations from a cosmological constant, but also be sensitive to the
mpact of baryonic physics (for example from AGN feedback) on
he matter distribution. While this can be viewed as an unwelcome
omplication, it of course also offers a chance for additional tests
 E-mail: cesarhdz@MPA-Garching.MPG.DE 
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f our astrophysical understanding of the rele v ant aspects of galaxy
ormation. 

In a similar vein, cosmological observations are becoming precise
nough to detect deviations from the properties ascribed to purely
old dark matter (CDM). For example, dark matter may be composed
f such a light particle that its thermal motions are non-negligible,
ausing smaller structures to be wiped out, and such warm dark matter
emains a much studied alternative to standard CDM scenarios (e.g.
ode, Ostriker & Turok 2001 ; Viel et al. 2013 ; Lo v ell et al. 2014 ).
he most e xtreme v ersion of such a model, where the particles are
ll truly ‘hot’, i.e. with large, nearly relativistic thermal velocities
t high redshift, is cleared ruled out by observations because the
ssociated top–down scenario for structure formation is inconsistent
ith data on multiple fronts. This is also why normal neutrinos as

he dominant dark matter component were ruled out early on (White,
renk & Davis 1983 ). 
Ho we ver, at the same time we know that a significant neutrino

ackground is left behind by big bang nucleosynthesis, and the
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henomenon of neutrino fla v our conversion implies a lower bound 
or the summed neutrino masses (e.g. Esteban et al. 2020 ). This
eans that neutrinos represent a hot dark matter admixture that must

e present in the standard model, and which constitutes at most of
rder a few per cent of all the dark matter according to a variety
f cosmological constraints (Archidiacono et al. 2017 ; Adame et al. 
025 ). These are, in fact, tighter than those obtained so far from the
est experimental upper bounds on the neutrino masses which come 
rom the KATRIN experiment, based on an examination of the beta 
ecay of tritium (Aker et al. 2022 , 2025 ). Their low-mass limits the
nfluence of neutrinos on structure growth to the level of a small
erturbation that until recently could be safely ignored in studies of
alaxy formation. Ho we v er, recent impro v ements in the precision of
odern cosmological probes of galaxy clustering and weak lensing 

ave started to transform this assessment. In fact, the impact of
eutrinos on large-scale structure may soon become measurable with 
alaxy surv e ys, raising the prospect of actually measuring the sum
f the neutrino masses and so distinguishing between the normal 
nd inverted mass hierarchies, a fundamentally important issue in 
article physics. 
Computing the impact of neutrinos on structure formation in the 

on-linear regime faces substantial technical difficulties, because a 
traightforward representation of the neutrino density field through 
articles is severely affected by shot noise even on large scales. This
ontrasts with the CDM case, where shot noise is far below the
ntrinsic power on most scales of interest. However, in recent years 
 large number of approximate simulation techniques have been 
eveloped that address this issue in a variety of ways. The recent
omparative study of Adamek et al. ( 2023 ) gives a comprehensive
 v erview of these methods, and compares their accuracy, albeit over
 considerably smaller spatial dynamic range than studied here, 
here we employ the δf -technique originally proposed by Elbers 

t al. ( 2021 ). This is one of the most accurate and conceptually
legant numerical techniques proposed so far. It uses a particle- 
ased representation that is capable of tracking non-linear neutrino 
lustering without spatial resolution limitations while at the same 
ime greatly reducing shot noise compared to naive particle-based 
ethods (e.g. Viel, Haehnelt & Springel 2010 ; Emberson et al. 2017 ).
We have used the δf -approach in the neutrino branch of our

ew MillenniumTNG (MTNG) simulation programme. The primary 
ntroductory paper of MTNG (Hern ́andez-Aguayo et al. 2023 ) 
lready briefly described some initial results from our first large 
eutrino run, but it deferred a more detailed discussion to later work
hat we now present in this study. Here we additionally include 
esults from a second very large neutrino simulation also carried out 
ollowing 1.1 trillion particles in a 3000 Mpc box, and we include
alculations at the same resolution but in smaller boxes that vary the
eutrino mass. Other MTNG simulations include large dark matter- 
nly simulations in a 740 Mpc box at different mass resolutions, as
ell as a high-resolution hydrodynamical model (Pakmor et al. 2023 ) 
ith full galaxy formation physics for the same initial conditions, 

arried out with the IllustrisTNG physics model (Weinberger et al. 
017 ; Pillepich et al. 2018 ) but with a volume nearly 15 times larger
han TNG300. Initial MTNG analysis papers have already looked 
t weak gravitational lensing (Ferlito et al. 2023 ), intrinsic galaxy 
hape alignments (Delgado et al. 2023 ), galaxy clustering (Bose 
t al. 2023 ), predictions for the high- z galaxy population (Kannan
t al. 2023 ), inference of cosmological parameters (Contreras et al. 
023 ), and mock galaxy catalogue construction (Barrera et al. 2023 ;
adzhiyska et al. 2023a , b ). 
We note that since these first MTNG papers a similarly large 

eutrino simulation, FLAMINGO-10k, has been added to the 
LAMINGO project (Schaye et al. 2023 ) and been used to study
he clustering of galaxies and quasars at redshift z ∼ 6 (Pizzati et al.
024 ), based on an empirical quasar model. The FLAMINGO-10k 
imulation has a very similar mass resolution and particle number 
o our large runs, but the adopted neutrino mass is different, only
0 meV, thus nicely complementing our own large simulations. 
nother very large cosmological simulation of similar mass res- 
lution, the New Worlds Simulation of Heitmann et al. ( 2024 ),
ecently accounted for neutrinos, but only at the linear level without
roper treatment of non-linear neutrino clustering. Yoshikawa et al. 
 2020 ) and Yoshikawa, Tanaka & Yoshida ( 2021 ) carried out large-
cale cosmological simulations with massive neutrinos using a 
ybrid N -body/Vlasov approach solving explicitly the Boltzmann 
quation. On the other hand, the TianNu simulation (Emberson 
t al. 2017 ; Yu et al. 2017 ; Chen et al. 2023 ) co-evolve nearly 3
rillion CDM and neutrino particles in a 1 . 2 h 

−1 Gpc box, making
t one of the largest cosmological N -body simulations with massive
eutrinos performed to date. The MassiveNuS simulations (Liu et al. 
018 ) have included the effects of radiation on the background
xpansion and varying the summed mass of neutrinos between 0 and
00 meV. Moreo v er, the DEMNUni (Castorina et al. 2015 ; Carbone,
etkova & Dolag 2016 ) and the DUSTGRAIN-pathfinder (Giocoli, 
aldi & Moscardini 2018 ) simulations have included the effects of
assive neutrinos with dynamical dark energy and modified gravity, 

espectiv ely. Other v ery large cosmological simulations, such as the
bacusSummit simulations (Maksimova et al. 2021 ), have not so 

ar included neutrinos explicitly. In addition to the aforementioned 
 orks, the previous tw o decades hav e serv ed as the foundation for

he exploration and numerical modelling of the impact of massive 
eutrinos on the large-scale structure, see e.g. Brandbyge et al. 
 2010 ), Marulli et al. ( 2011 ), Hannestad, Haugbolle & Schultz
 2012 ), Costanzi et al. ( 2013 ), Castorina et al. ( 2014 ), Villaescusa-
avarro et al. ( 2014 ), and Fontanot et al. ( 2015 ). Also, we note

hat galaxy catalogues based on following the physics of galaxy 
ormation semi-analytically, as we do here, are not yet available for
hese other simulations; rather, some of them typically use empirical 
odels to represent the galaxy population, derived through halo 

ccupation distribution modelling or similar techniques. We thus 
onsider it one of the special and distinguishing features of the
TNG simulations that we can augment them with semi-analytic 

redictions computed with a no v el v ersion of the L-GALAXIES code,
ncluding the production of mock catalogues on seamless lightcone 
utputs (Barrera et al. 2023 ). 
In this work, we will focus on introducing the neutrino method-

logy of our simulation set, and on highlighting the impact of
eutrinos on selected clustering statistics, both for haloes and for 
ock galaxy catalogues. Addressing the question which combination 

f observational measures can most powerfully constrain neutrino 
asses is, ho we v er, be yond the scope of this paper. 
Our paper is structured as follows. In Section 2 , we discuss the

echnical aspects of our neutrino simulation methods, and in Section 3 
e specify the simulations analysed here. We then present results for
atter clustering in Section 4 and for halo statistics in Section 5 .
his is followed by an analysis of galaxy clustering in Section 6 .
inally, we present a summary of our findings and our conclusions

n Section 7 . 

 T H E O R E T I C A L  A N D  N U M E R I C A L  ASPECTS  

hile the techniques for standard cosmological N -body simulations 
re well understood and e xtensiv ely documented in the literature (see
ngulo & Hahn 2022 , for a re vie w), many dif ferent approaches exist
MNRAS 540, 3642–3660 (2025) 
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Figure 1. Cosmological evolution of the density parameters of different 
matter and energy components as a function of the scale factor, a = 1 / (1 + z), 
for the case of two de generate massiv e neutrino species with summed rest 
mass of M ν = 100 meV and one massless neutrino species. Note how the 
massive neutrinos initially drop away with scale factor like a relativistic 
component, in parallel to photons and massive neutrinos, but then they 
become non-relativistic and join the evolution of the CDM and baryons 
below redshifts of z ∼ 100. The massive neutrinos subsequently make up a 
constant ∼1 per cent fraction of the matter density. At late times, the energy 
density becomes dominated by the dark energy component. 
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or including neutrinos (Adamek et al. 2023 ). In order to provide
n unambiguous specification of our own work, we here summarize
he methods we use for including massive neutrinos in the evolution
oth of the background cosmology and of cosmic structure, as well
s for setting up the appropriate initial conditions. 

.1 Cosmological background evolution 

ere, we recall some basic aspects of neutrino cosmology as needed
n our numerical implementation. To run our neutrino simulations,
e have included the background evolution of radiation (photons and

elativistic massless neutrinos) and of a hot dark matter component
n the form of massive neutrinos (which may experience a transition
rom relativistic to non-relativistic velocities) in the calculation of
he expansion history in GADGET-4 . Hence, the cosmic evolution of
he density parameters of different matter and energy components in
 flat Universe is given by 

r ( z) + �cb ( z) + �ν( z) + �� 

= 1 , (1) 

here �r is the density parameter of the radiation components, �cb is
he contribution of the cold matter components (CDM plus baryons),

ν is the density of the non-relati vistic massi ve neutrinos, �� 

is the
ensity parameter of dark energy in the form of the cosmological
onstant where �� 

= 1 − [ �r ( z) + �cb ( z) + �ν( z)]. 
In terms of present day values, the contribution of the relativistic

pecies, �r ( z) can be written as, 

r ( z) = �γ ( z) + �rel 
ν ( z) 

= �γ0 

[
1 + N 

rel 
ν

7 

8 

(
T ν

T CMB 

)]
(1 + z ) 4 

(
H 0 

H ( z ) 

)2 

, (2) 

here the present day value of the photon density parameter is 

γ0 = 

π2 

15 

( k B T CMB ) 4 

� 3 c 5 

8 πG 

3 H 

2 
0 

, (3) 

 

rel 
ν is the number of relativistic neutrino species, k B is the Boltz-
ann’s constant, T ν (1 . 9524 K) and T CMB (2 . 7255 K) are the neutrino

nd CMB photons temperature at the present time 1 , H 0 is the present
ay value of the Hubble parameter, and G is the gravitational
onstant. On the other hand, the cold matter density parameter,
cb ( z), is 

cb ( z) = �cdm 

( z) + �b ( z) = ( �cdm 0 + �b 0 )(1 + z) 3 
(

H 0 

H ( z) 

)2 

. 

(4) 

he massive neutrinos contribution in equation ( 5 ), is given by, 

ν( z) = 

15 

π4 

(
T ν

T CMB 

)4 

N ν�γ0 (1 + z) 4 

×F 

[
M ν/ ( N νk B T ν) 

1 + z 

] (
H 0 

H ( z) 

)2 

, (5) 

here �γ0 is given by equation ( 3 ), N ν is the number of non-
elati vistic massi ve neutrinos, M ν = 

∑ 

i m ν,i is the sum of the masses
NRAS 540, 3642–3660 (2025) 

 The neutrinos and photons temperature are linked via the relation 
 ν/T CMB = (4 / 11) 1 / 3 , assuming instantaneous decoupling. If one wants to 

ake into account distortions induced by non-instantaneous decoupling and 
eutrino fla v our oscillations, one usually addresses this by a slightly modified 
alue of N 

rel 
ν . 

T  

n  

b  

h  

2  

l  

t  
f the degenerate massive neutrinos and the function F is defined
s, 

( y) ≡
∫ ∞ 

0 

x 2 
√ 

x 2 + y 2 

1 + e x 
d x . (6) 

he total matter contribution to the energy density is, 

m 

( z) = �cb ( z) + �ν( z) (7) 

nd the neutrino mass fraction today, f ν , can be written as, 

 ν( z) = 

�ν( z) 

�m 

( z) 
. (8) 

inally, the Hubble rate throughout cosmic time in a flat Universe is
iven by 

 ( z) = H 0 [ �r0 (1 + z) 4 + �cb 0 (1 + z) 3 + �νE 

2 ( z) + �� 

] 1 / 2 , (9) 

here E( z) ≡ H ( z) /H 0 . 
The evolution of the density parameters of the different matter

nd energy components, �X ( a), as a function of the scale factor
 is shown in Fig. 1 . In the displayed case, we have considered a
elativistic massless neutrino ( N 

rel 
ν = 1) and two degenerate massive

eutrinos ( N ν = 2) with masses m ν,i = 50 meV each, i.e. M ν =
 

i m ν,i = 100 meV. This also corresponds to the case we used in
ur largest simulations with massive neutrinos. 

.2 Initial conditions and linear growth with massive neutrinos 

raditionally, N -body simulations have been evolved using Newto-
ian gravity in the context of a homogeneous Friedmann–Lemaitre
ackground solution (Angulo & Hahn 2022 ), although a few authors
ave included relati vistic ef fects on large scales (e.g Adamek et al.
016 ; East, Wojtak & Abel 2018 ). This is justified because once
arge-scale perturbative modes are inside the horizon, a Newtonian
reatment accurately reco v ers their linear evolution. At the same time,
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Figure 2. Evolution of the scale dependence of the linear growth factor for cases with massless (left panel) and with massive neutrinos (right panel). The 
coloured lines correspond to different redshifts from z = 63 to z = 0, as labelled. Each of the lines shows the linear growth factor for the corresponding redshift 
as a function of wavenumber, normalized to the value of the growth factor at a fiducial reference wavenumber of k ref = 0 . 1 h Mpc −1 . The vertical dotted line 
indicates the fundamental mode of our largest simulation box with side-length 3000 Mpc . The scale dependence around this mode stems from the difference 
between the evolution of super- and sub-horizon modes and is not captured properly by simulation codes that use Newtonian gravity. For massless neutrinos, the 
linear growth factor is howev er effectiv ely scale independent for k > k ref . Even this property is lost for massive neutrinos due to their transitioning from being 
relativistic to being non-relativistic o v er this redshift range. 
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on-linear evolution occurs on small enough scales and involves 
eak enough gravitational fields that general relativistic corrections 

re ne gligible, e xcept in the immediate vicinity of black holes and
eutron stars. 
Ho we ver, when simulation boxes with sizes of around 1 h 

−1 Gpc
nd beyond are considered, the largest modes are actually of super-
orizon size, at least at high redshift. Then ordinary Newtonian N -
ody codes do not deliver a correct growth rate on these scales, and
uestions related to gauge choices arise as well (e.g. Montandon, 
ahn & Stahl 2024 ). In simulations without neutrinos, this is
sually not a significant concern, as one typically constructs the 
nitial conditions by back-scaling the linear theory power spectrum 

redicted by a Boltzmann code at z = 0 to the initial redshift, using
 k-independent linear theory growth factor. This yields an initial 
ower spectrum that is not fully correct at the starting redshift, but
he Newtonian code will evolve it on these large scales to arrive at
he correct state at low redshift. 

When massive neutrinos are included, the same trick no longer 
orks, because the neutrinos themselves introduce a scale depen- 
ence in the linear growth factor. Furthermore, this linear theory 
rowth factor can no longer be computed through a closed-form 

ntegral, unlike for flat cosmologies that feature only cold matter 
nd dark energy (Linder & Jenkins 2003 ). Different approaches have 
een proposed in the literature to deal with this complication when 
onstructing initial conditions, including sophisticated rescaling 
echniques, as realized, for example, in the REPS code (Zennaro et al.
017 , 2019 ). By computing the Hubble rate with a proper accounting
f the evolution of the relativistic components and supplying it 
xternally to an N -body simulation code one can then arrive at a
onsistent reco v ery of the linear growth predicted by a Boltzmann
ode at small scales, and arrive by z = 0 at the correct linear theory
ower spectrum at all scales. 
Our strategy has been to address this problem by outfitting 
ADGET-4 both with a treatment of relativistic components in addition 

o cold matter, and with a consistent computation of the Hubble
ate in the presence both of radiation components (photons and 
assless neutrinos), and of massive neutrinos, accounting also 

or the gradual transition of the latter from the relativistic to
he non-relativistic regime. We can then directly use the transfer 
unctions computed by a Boltzmann code such as CAMB (Lewis, 
hallinor & Lasenby 2000 ) or CLASS (Lesgourgues 2011 ) at the

tarting redshift, i.e. without requiring any back-scaling, because 
ow the simulation code correctly accounts for the linear growth, as
ong as both the initial mode amplitudes and their initial growth
ates are initialized correctly. The latter requires the logarithmic 
rowth rate for every mode at the starting redshift. We obtain this
rom the Boltzmann code by numerically differentiating the growth 
actor based on two transfer function outputs spaced equidistantly 
round the desired starting redshift. This is done as a function
f wavenumber k, and for dark matter and massive neutrinos 
eparately. 

This still leaves the problem of super-horizon modes. If we, for
xample, would simply initialize our simulation with the linear theory 
ower spectrum as computed by CAMB at our starting redshift z = 63,
hen the fundamental mode in our large box ( L = 2040 h 

−1 Mpc =
000 Mpc ) would lag behind in growth by about 2 per cent by redshift
ero in a case without neutrinos, whereas in a M ν = 100 meV model
his lag would exceed 3 per cent. This effect is illustrated in Fig. 2 ,
nd it arises because Newtonian gravity underpredicts the growth 
f these super-horizon modes in the matter-dominated regime. Note 
hat the effect gets even larger for still bigger simulation boxes while
ecoming negligibly small at late times and for small boxes. In any
ase, we approach this by multiplying the power spectrum computed 
y the Boltzmann code for the starting redshift z init with a correction
MNRAS 540, 3642–3660 (2025) 
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actor 

 sh ( k ) = 

P z init ( k ref ) 

P z= 0 ( k ref ) 

P z= 0 ( k ) 

P z init ( k ) 
, (10) 

or the super-horizon modes, where k ref = 1 h Mpc −1 is a reference
cale well within the horizon o v er the rele v ant redshifts. We compute
 sh ( k) for the corresponding cosmology with massless neutrinos
i.e. P z ( k) in the abo v e equation is the total matter power spectrum
omputed by the Boltzmann code for redshift z in a cosmology with
assless neutrinos), so that this factor becomes scale independent

nd equal to unity inside the horizon. We then apply it in the same
orm to the initial conditions with massive neutrinos where it yields
 sufficiently accurate correction for the non-Newtonian evolution
f the super-horizon modes while not disturbing the scale-dependent
volution of modes inside the horizon (as here f sh ( k) � 1). This
rocedure can be viewed as a rescaling procedure yet again similar
o Zennaro et al. ( 2017 ), but restricted to super-horizon modes. 2 The
actor f sh ( k) boosts the linear theory input power spectrum at very
mall k such that at z = 0, after evolution with the Newtonian code,
t will coincide with the result of the Boltzmann code (see fig. 3
f Hern ́andez-Aguayo et al. 2023 , for corresponding measurements
f the large-scale power spectrum both at the starting redshift and
t z = 0 for our MTNG3000 simulation, illustrating this approach).
ote that the power spectrum will also agree with the Boltzmann

ode at all intermediate redshifts in the presence of massive neutrinos,
nlike for the standard rescaling approaches. Only at Gpc-scales and
eyond, the amplitudes can differ at the per cent level due to the
uper-horizon correction, as illustrated in Fig. 2 . 

We have implemented the above corrections in the version of
ur initial conditions code N-GENIC built into GADGET-4 . It uses
ifferent transfer functions as computed by the Boltzmann code
AMB for CDM and massive neutrinos. In addition, we use the
oltzmann code to compute deri v ati ves of the corresponding transfer

unctions with respect to the scale factor, as needed to initialize the
elocities of the matter components. Finally, we apply these through
 

nd -order Lagrangian perturbation theory to the unperturbed particle
oad, here modelled as two Cartesian grids for CDM and neutrinos.
he dark matter particles were aligned with the 10240 3 Fourier grid
sed to compute the displacement field so that no interpolation to
he particle positions was necessary. The unperturbed neutrino grid
as shifted relative to the CDM particles by half a neutrino grid

pacing. Note, ho we ver, that the large streaming velocities of the
eutrinos quickly decorrelates their coordinates relative to the dark
atter particles anyway. As the resolution of the neutrino grid is much

ower than the dark matter grid, the Fourier grid substantially o v er-
esolves the Nyquist frequency of the neutrinos, so that interpolation
rrors of the displacements to the neutrino positions are likewise
egligible. 

.3 The δ f -method 

ecently, Elbers et al. ( 2021 ) proposed a no v el approach to represent
assive neutrinos in cosmological simulations, which has become

nown as the δf -method. We here provide our own derivation of this
echnique. 

Let f ( x , v , t) be the neutrino distribution function, i.e. the number
ensity of neutrinos of mass m ν as a function of phase space coor-
NRAS 540, 3642–3660 (2025) 

 Note that we do not explicitly implement GR corrections and photon 
nisotropies as done in relativistic codes such as the one presented by Tram 

t al. ( 2019 ). 

d

f

w  

T  
inates (expressed in terms of comoving coordinates and conjugate
elocities) and time. Then we can obtain the neutrino mass density, 

( x , t) = m ν

∫ 

f ( x , v , t) d v , (11) 

y integrating out the velocity distribution. Now let us introduce
he time evolution of a spatially undisturbed neutrino background,
 0 = f 0 ( v , t), and consider the difference between the actual neutrino
ensity and this background: 

( x , t) = m ν

∫ 

f 0 d v + m ν

∫ 

[ f ( x , v , t) − f 0 ] d v . (12) 

et us now inte grate o v er some finite volume V (which could be a
omputational cell, or some region of the simulation box) in order to
implify the argument we are going to make later on. The enclosed
eutrino mass inside in this volume is then 

 ν( t) = ρ0 V + m ν

∫ 

[ f ( x , v , t) − f 0 ] d v d x , (13) 

here ρ0 stands for the (time-dependent) average density of neutri-
os. We now Monte Carlo integrate the integral on the rhs with a
ample of N points in the chosen volume. We use a sampling function
 

∗ proportional to f itself (which is the concept of importance
ampling), with f ∗ normalized as f ∗ = (1 /N ν) f , where N ν is the
umber of neutrino particles in the volume. We can thus write the
ntegral as: 

 ν( t) = ρ0 V + m ν

∫ 

f − f 0 

f ∗
f ∗ d v d x . (14) 

y construction, d p = f ∗ d v d x is the probability to find a sampling
oint in an infinitesimal phase-space volume around ( d x , d v ). The
ntegral can therefore be approximated as ∫ 

f − f 0 

f ∗
f ∗ d v d x � 

1 

N 

∑ 

i 

f ( x i , v i , t) − f 0 ( v i , t) 

f ∗( x i , v i , t) 
. (15) 

 key step is now to argue that the sampling points need not
ecessarily be drawn from the current f , but instead can be identified
ith sampling points used to sample the initial conditions at the initial

ime t 0 , and which were evolved along characteristics to the current
ime t . 

At this initial time, let us assume that the sampling points have
hase-space coordinates ( x 0 i , v 

0 
i ). The evolution of the particles

etween t 0 and the current time t is go v erned by the collisionless
oltzmann equation, which preserves the fine-grained phase-space
ensity along individual particle orbits. We hence know that we have
 ( x i , v i , t) = f ( x 0 i , v 

0 
i , t 0 ). We therefore can write: 

 ν( t) = ρ0 V + 

m νN ν

N 

∑ 

i 

[
1 − f 0 ( v i , t) 

f ( x 0 i , v 
0 
i , t 0 ) 

]
. (16) 

he prefactor m 

∗
ν ≡ m νN ν/N is the fiducial simulation particle mass

e use to represent the neutrinos. The quantity f 0 ( v i , t) is known and
an simply be e v aluated for the current velocity of the particle as the
ackground density times the Fermi–Dirac distribution F e v aluated
or v i : 

 0 ( v i , t) = ρ0 F ( v i ) . (17) 

 further assumption we make is that the initial phase-space
istribution can be written as 

 ( x 0 i , v 
0 
i , t 0 ) � ρ0 (1 + δ0 

i ) F ( v 0 i ) , (18) 

here δ0 
i is the initial density perturbation for the neutrino particle i.

his approximation is not exact and thus will introduce some initial
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Figure 3. Matter power spectra at z = 0 in test runs with a L = 500 h −1 Mpc 
box and N cdm 

= 540 3 CDM particles, using two different neutrino modelling 
methods. We show results with N ν = 540 3 neutrino particles both for an 
ordinary particle method and for the δf -method. We also illustrate the impact 
of using only 1 per cent of this neutrino particle number (equi v alent to N ν = 

116 3 ) in the δf -method. We include the power spectrum of the CDM plus 
baryon component of the simulation, for comparison. The horizontal dashed- 
dotted lines indicate the expected shot-noise levels for Poisson samples with 
116 3 and 540 3 particles, respectively. The δf -method is able to estimate the 
neutrino density field with substantially sub-Poissonian discreteness noise. 

n  

C

3

W  

(  

c
L  

a  

(
s
e  

F  

fi  

d  

o  

m  

d  

s  

l  

s
s  

e

n
T  

z  

P  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/4/3642/8168207 by Ferm
ilab user on 11 Septem

ber 2025
ransients that take some time to decay away. See Elbers ( 2022 )
or ways to impro v e this further, the simulations we consider here
re ho we ver run with this physical approximation. Using it, the δf -
ethod predicts the neutrino mass in our test volume as 

 ν( t) = ρ0 V + m 

∗
ν

∑ 

i 
x i ∈ V 

[
1 − F ( v i ) 

(1 + δ0 
i ) F ( v 0 i ) 

]
, (19) 

hich is equi v alent to assigning each neutrino particle a variable
ass 

˜  = m 

∗
ν

[
1 − F ( v i ) 

(1 + δ0 
i ) F ( v 0 i ) 

]
, (20) 

ased on its current phase-space coordinates. This mass, instead 
f m 

∗
ν , is used for computing the gravitational field with the Poisson

olver implemented in the GADGET-4 code. This importance sampling 
reatly reduces sampling noise in the neutrino density field, a feature 
hat is made possible by exploiting not only the current coordinate 
f the simulation particles, but also their current velocities. Note 
o we ver that this does not change the character of each particle as
epresenting a random neutrino orbit. All particles still follow an 
nchanged equation of motion, except that the force they experience 
s less affected by shot noise. 

In our discussion so far we have ignored the fact that the neutrinos
ay have relativistic velocities, particularly at early times or for light 

eutrino masses. We address this by using the particle momentum 

p γ = m νv / (1 − v 2 /c 2 ) 1 / 2 in the abo v e phase space arguments, and
ot the kinematic velocity v itself. Note that it is also the momentum
hat we obtain from the initial Fermi–Dirac distribution function. 

e integrate the neutrino particle momenta in the equations of 
otion by approximating their temporal change with the ordinary 
ewtonian gravitational force, with neutrinos contributing with their 

est masses to the source function of the Poisson equation. The 
articles are mo v ed in space, ho we ver, with their kinematic velocity
 . Note that the expansion of space also redshifts p γ , and in that way
utomatically induces the correct transition from the relativistic to 
he non-relativistic regime. 

As Elbers et al. ( 2021 ) first demonstrated, the δf -method is indeed
apable of reducing the shot noise of the neutrino particle distribution
n cosmological N -body simulations. We show an example of this
ased on our own simulations in Fig. 3 , where we compare the total
atter power spectrum of three neutrino simulations for the M ν = 

00 meV model at the present time, using either the plain particle
ethod or the δf -method. Our test simulations consist of boxes with

ide-length of 500 h 

−1 Mpc and use 540 3 CDM particles. For the 
article method, we additionally evolve 540 3 neutrino particles, and 
or the δf -method we show two configurations with 540 3 and 116 3 

xtra neutrino particles, respectively. 3 

When comparing the power spectra measurements for the simu- 
ations with 540 3 neutrino particles (red and orange solid lines), we 
an see from Fig. 3 that the δf -method reduces the shot-noise of the
eutrino distribution by almost two orders of magnitude. In addition, 
e find that using only 116 3 neutrino particles with the δf -method

green solid line) produces nearly the same level of shot-noise as
sing 540 3 neutrino particles with the particle method (red solid 
ine). This is informative for selecting the relative particle numbers 
f neutrinos and CDM in large-scale cosmological simulations with 
assiv e neutrinos. F or the calculations we present later in this paper,

he neutrino particle number is chosen such that the resulting shot
 Note that 116 3 is roughly 1 per cent of 540 3 . 

t  

c
o  
oise level of the neutrinos at z = 0 is very similar to that of the
DM particles (see also Hern ́andez-Aguayo et al. 2023 ). 

 SI MULATI ONS  WI TH  MASSIVE  N E U T R I N O S  

e here focus on the neutrino simulations of the MTNG project
Hern ́andez-Aguayo et al. 2023 ; Pakmor et al. 2023 ) which presently
onsist of two large-volume cosmological simulations with box size 
 = 2040 h 

−1 Mpc (3 Gpc; MTNG3000) and massive neutrinos with
 summed mass of M ν = 0 . 1 eV, in addition to several 430 h 

−1 Mpc
632.4 Mpc; MTNG630) runs with different neutrino masses. All the 
imulations were run with the GADGET-4 simulation code (Springel 
t al. 2021 ) using the δf -method outlined abo v e (cf. Section 2.3 ).
or each of the models, we have run two realizations using the
xed-and-paired technique of Angulo & Pontzen ( 2016 ), which we
enote in the following as ‘A’ and ‘B’ runs. The initial conditions
f the runs of each pair differ in the phases of each perturbation
ode by 180 degrees, or in other words, the sign of the linear

ensity fluctuations is reversed. As Angulo & Pontzen ( 2016 ) have
hown, by averaging the results of such a simulation pair, certain
eading higher order deviations from linear theory cancel, ef fecti vely
uppressing the variance compared to a random realization in the 
ame volume, and thus leading to an impro v ed estimate of the
xpected cosmological mean. 

Substantial computational resources, particularly memory, are 
eeded to generate the very large MTNG3000 initial conditions. 
o retain the option of being able to make relatively inexpensive
oom initial conditions for objects in these volumes we use the
anphasia method outlined in Jenkins ( 2013 ) to set the phases for

he two MTNG3000 simulations. The essence of this method is to
onstruct the Gaussian white noise field, from which the phases 
f the simulation are inherited, in a hierarchical way based on an
MNRAS 540, 3642–3660 (2025) 
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Table 1. Values of the cosmological matter parameters at z = 0 for the MTNG630 neutrino simulations and 
the MTNG740 neutrino-less simulation. 

Model �m 

�cdm 

�b �ν σ8 

0 eV 0.3060 0.2573 0.0487 0.0 0.8230 
0.1 eV 0.3060 0.254976 0.0487 0.002324 0.8040 
0.3 eV 0.3060 0.250329 0.0487 0.006971 0.7623 
MTNG740 0.3089 0.2603 0.0486 − 0.8159 
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ctree spatial structure. The white noise field is built from piecewise
olynomials localized within octree cells. Coupling this construction
ethod with a suitable pseudo-random number generator it is

ossible to define extremely large realizations of the phases that
o v er all physical scales of interest for the original simulations and
ny follow up zoom simulations. The hierarchical structure of the
eld lends itself to the efficient creation of zoom initial conditions. 
This approach, ho we ver, is not compatible with the fixing part of

he fixed-and-paired method (Angulo & Pontzen 2016 ) when applied
o all Fourier modes. In practice, the variance suppression we need
an be achieved by fixing just the poorly sampled low wavenumber
ourier modes as the sheer number of high- k modes guarantees
ehaviour close to the mean. F or MTNG3000, only F ourier modes
ith wavelengths greater or equal to 50 Mpc were fixed – a total of
52 044 independent modes – while all other mode amplitudes are
eft free. With almost half a million fixed modes the measured linear
ower spectrum of the free modes is within 1 per cent of the target for
ins at least as wide as the fundamental mode of the periodic volume.
The fixed modes are confined in the Fourier domain to large

avelengths and it must be possible to represent these fixed modes
ery accurately using polynomials confined to the largest octree cells.
f that is the case, the information in the smaller octree cells can be
reated as independent allowing the creation of efficient zoom initial
onditions. This can be achieved by using higher degree polynomials
han was used in the original Panphasia field (Jenkins 2013 ), which
as built from just degree one polynomials. Fortunately, the compu-

ational cost of going to higher degree polynomials can be offset in
ractice by much more efficient code for computing the Panphasia
eld and a six degree scheme has already been implemented in

he public MONOFONIC cosmological initial conditions code (Hahn,
ampf & Uhlemann 2021 ; Michaux et al. 2021 ). This version of

he Panphasia field has also been used for the FLAMINGO project
Schaye et al. 2023 ). As with the original Panphasia field the phases
or the MTNG3000-A volume are described by a plain text ‘phase
escriptor’, which in this case contains additional information about
he degree of the polynomials and which Fourier modes are fixed.

e reproduce here it for future reference. 4 

The fiducial cosmology of our 100 meV neutrino simulations
s consistent with the DES-Y3 constraints (Abbott et al. 2022 ):

cb = 0 . 30368, �b = 0 . 04870, �� 

= 0 . 69393, h = 0 . 68, and
8 = 0 . 8040. In addition, two degenerate neutrino species each
ith 50 meV rest mass, yielding �ν = 2 . 324 × 10 −3 , one massless
eutrino species ( �rel 

ν = 1 . 232 × 10 −5 ), and a standard photon
ackground accounting for the cosmic microwave background with
 CMB = 2 . 7255 K were assumed ( �γ = 5 . 348 × 10 −5 ). This means

hat 0.76 per cent of today’s mean matter density are made up of
eutrinos in this cosmology – roughly half of what the stellar mass
ontributes. 
NRAS 540, 3642–3660 (2025) 

 [Panph6, L19, (301309,431832,75016), S5, KK3600, CH2926231125, 
TNG]. 
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o
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The ICs were generated at z = 63 with the method described in
ection 2.2 using the linear theory transfer functions computed by
AMB . The MTNG3000 runs follow close to 1.1 trillion (10240 3 )
DM and more than 16 billion (2560 3 ) massive neutrino particles, 5 

eading to a CDM particle mass resolution of 6 . 66 × 10 8 h 

−1 M �,
hich is more than twice the resolution of the original Millennium

imulation (Springel et al. 2005 ), but in a much larger volume, and
aking them some of the largest and highest resolution simulations
ith massive neutrinos run to date. The MTNG630 runs evolve 2160 3 

DM and 540 3 massive neutrino resolution elements, giving the same
article mass resolution as MTNG3000. 
In addition, we have run M ν = 0 eV (massless case) and M ν =

 . 3 eV models for the MTNG630 runs only. In these cases, we
hanged the �cb cosmological parameter in order to keep the value
f the total matter density �m 

= �cb + �ν = 0 . 306 fixed when the
assive neutrino contribution is varied. We also slightly adjusted the

arameter value of �� 

by a few times 10 −6 in our computations with
AMB in order to to retain an exactly flat cosmology. Please note

hat we are not considering a dynamical dark energy contribution
hen doing this, we are just adjusting the present-day value of �� 

to
 v oid any curvature contribution. For the normalization of the initial
ower spectrum, we kept the CMB normalization on the largest
cales invariant, implying small changes in the linearly extrapolated
mall-scale σ8 value at z = 0. 

In Table 1 , we summarize the cosmological parameters of the
imulations, i.e. the corresponding values of the matter contributions
CDM, baryons, and massive neutrinos) to the total density param-
ter, as well as the present-day values of the σ8 parameter for each
eutrino model. The simulations with varied neutrino mass help us to
uantify the impact of massive neutrinos on galaxy observables such
s the stellar mass function and the clustering of galaxies, as we will
ho w belo w. The numerical specifications of our neutrino simulations
re listed in Table 2 ; here we also include the specifications of the
TNG740 runs without neutrinos (full-hydro and dark matter only)

n the MTNG project, for completeness. 
Following the same outputting strategy as for the MTNG740 simu-

ations (Hern ́andez-Aguayo et al. 2023 ), we have measured the matter
ower spectra (total matter, cold matter, and massive neutrinos) and
roduced halo/subhalo catalogues on-the-fly for 133 matching output
imes for all the neutrino simulations 6 between 0 < z < 63 (with

ore than 120 halo and subhalo catalogues at redshifts z < 20).
alo catalogues (FoF groups) were constructed using the friends-of-

riends (FoF) algorithm (Davis et al. 1985 ) at all the output times,
nd subhaloes were identified with the SUBFIND-HBT algorithm
Springel et al. 2001 ; Han et al. 2012 ) as implemented in the
ubstructure finder of GADGET-4 (for more details see Springel et al.
021 ). We also produced six particle lightcones for each run, keeping
 Note that thanks to the δf -method (cf. Section 2.3 ), we need only 1.5 per cent 
f the CDM particle number as neutrino particles in order to achieve a similar 
hot noise level. 
 Actually, for the MTNG3000-A run we have 13 additional output times. 
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Table 2. Numerical specification of the MTNG neutrino simulations with box sizes of 2040 h −1 Mpc and 430 h −1 Mpc , with neutrinos of mass � m ν = 

100 meV (available for all box sizes), � m ν = 300 meV , and � m ν = 0 meV (for MTNG630 runs only). In addition, we include the specifications of the 
MTNG740 and MTNG740-DM simulations, for comparison with the neutrino-less branch of the MTNG simulation project. 

Type Run name Box size N cdm 

N ν N gas m cdm 

m ν m gas 
∑ 

m ν εcdm 

( h −1 Mpc ) ( h −1 M �) ( h −1 M �) ( h −1 M �) ( eV ) ( h −1 kpc ) 

Neutrinos MTNG3000-DM −0.1 ν-A/B 2040 10240 3 2560 3 − 6 . 66 × 10 8 3 . 26 × 10 8 − 0.1 4 
MTNG630-DM −0.3 ν-A/B 430 2160 3 540 3 − 6 . 54 × 10 8 9 . 76 × 10 8 − 0.3 4 
MTNG630-DM −0.1 ν-A/B 430 2160 3 540 3 − 6 . 66 × 10 8 3 . 26 × 10 8 − 0.1 4 
MTNG630-DM −0.0 ν-A/B 430 2160 3 − − 6 . 66 × 10 8 − − 0.0 4 

CDM only MTNG740-DM-A/B 500 4320 3 − − 1 . 32 × 10 8 − − − 2.5 

Full-hydro MTNG740-A 500 4320 3 − 4320 3 1 . 12 × 10 8 − 2 . 00 × 10 7 − 2.5 

Figure 4. Massive neutrinos (top map) and CDM (bottom map) distributions on the past lightcone of a fiducial observer positioned at the centre of the two 
horizontal stripes. As cosmic expansion slows down the neutrinos at late times (corresponding to small redshift and distance), they start to cluster around the 
biggest concentrations of dark matter as shown by a comparison of the zoomed insets. These images are of a rectangular subarea of one of the disc-like lightcones 
described as Cone 3 in section 3.5 of Hern ́andez-Aguayo et al. 2023 . In particular, the projection depth is 15 h −1 Mpc = 22 . 14 Mpc . The two nested zoom-in 
re gions hav e a diameter of 400 Mpc. 
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7 Subhaloes are stored in the same tree if they have a progenitor or descendant 
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he same specifications and geometry as for the five lightcones of
TNG740 (see section 3.5 of Hern ́andez-Aguayo et al. 2023 ), but

dding a sixth lightcone in the form of an additional pencil beam. 
In Fig. 4 , we show maps of the dark matter and neutrino density

elds on one of the lightcones out to redshift z = 2 (see the descrip-
ion of Cone 3 in section 3.5 of Hern ́andez-Aguayo et al. 2023 ).
ne can clearly see how the clustering strength of the dark matter
radually increases from z = 2 at the left and right edges of the map to
he observer in the middle of the slices at z = 0, whereas the neutrino
ensity contrast is still very small at z = 2 but then starts to respond to
he largest dark matter structures that have formed in the low redshift
niverse due to the progressive redshifting of the thermal neutrino 
elocities. We also produced mass-shell maps with 1.8 billion pixels 
or weak-lensing studies (Ferlito et al. 2023 , 2024 ). Furthermore, we
r

a ve b uilt merger trees from all subhaloes to allow the construction
f physically moti v ated galaxy mock catalogues in massive neutrinos
osmologies, based on our updated version of the L-GALAXIES code 
or semi-analytic galaxy formation (Barrera et al. 2023 ). 

We note that the data size of the MTNG3000 runs is staggeringly
arge. Each of the simulations contains about 1 . 16 × 10 9 FoF haloes
t z = 0 (for a minimum of 32 particles per group), and 1 . 46 × 10 9 

ravitationally bound subhaloes. There are about ∼1 billion distinct 
erger trees 7 for each of the simulations, linking together about 
 . 5 × 10 11 subhaloes. Running L-GALAXIES on them produces about
MNRAS 540, 3642–3660 (2025) 

elation of any kind, or if they are part of the same FoF group at any time. 
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Figure 5. Box size impact on the cold matter (CDM plus baryons; left panel) and massive neutrino (right panel) power spectra of our 100 meV MTNG 

simulations at z = 0, z = 1, and z = 3. Different line styles represent different simulations, as labelled. The vertical dashed lines indicate the fundamental 
modes of the two box sizes we used. Note that we are showing the average of the A and B realizations of the MTNG3000 and MTNG630 simulations. The lower 
subpanels give the fractional difference in power between the two box sizes with dashed horizontal lines marking a nominal 5 per cent difference. 
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.4 billion galaxies in the volume of each of the simulations. A full
article snapshot of these simulations requires about 36 TB disc
pace, but thanks to the on-the-fly processing, we did not actually
ave to store this amount for the 133 output times (which would have
ed to a ballooning of the data volume to an inconvenient 4.7 PB –
ust for one of the two large simulations). 

 MATTER  CLU STERING  

e show in Fig. 5 , the clustering of the different matter com-
onents as measured through the power spectrum [separately for
old matter, P cb ( k), and massive neutrinos, P ν( k)] of our 100 meV
imulations (MTNG3000-DM-0.1 ν and MTNG630-DM-0.1 ν) at
edshifts z = 0, 1, and 3. The vertical dotted lines indicate the
undamental mode of each box, k box = 2 π/L box ∼ 0 . 0031 h Mpc −1 

nd ∼0 . 0146 h Mpc −1 , respectively. 
Since the 100 meV neutrino cosmological model is the same for

hese two boxes, we can use the comparison to quantify how box
ize effects limit the accuracy of our simulations. In the lower left
ubpanel of Fig. 5 , we can see that the cold matter power spectra of the

TNG630 run agree almost perfectly with the MTNG3000 spectra,
rom large scales k ∼ 0 . 03 h Mpc −1 down to very small-scales, k ∼
00 h Mpc −1 . Only small differences, less than 5 per cent, are seen
etween the small and the large box simulations near the fundamental
avenumber of MTNG630, reflecting only minor effects from the

imited box size of this simulation. 
The box size impact on massive neutrino clustering, shown in

he lower right subpanel of Fig. 5 , is more noticeable. In this case,
e find better than 2 per cent agreement between MTNG630 and
TNG3000 in the k-range 0 . 04 < k/ [ h Mpc −1 ] < 0 . 4, which is the

ange o v er which the neutrino power spectrum is not dominated
y shot noise. Interestingly, on still smaller scales – in the noise-
ominated regime – we observe a constant offset of ∼20–30 per cent
etween MTNG630 and MTNG3000. In this regime, the power
NRAS 540, 3642–3660 (2025) 
pectrum is below the nominal Poisson shot noise limit, thanks to
he δf -method, but whereas the actual Poisson shot noise for the
imulations is very similar ( P 

Poisson 
shot = L 

3 /N ν), the much smaller
f fecti ve noise le vel after using the δf -method shows a noticeable
ox size effect. This can be attributed to the stronger neutrino
lustering in the large simulation box as a result of its much better
epresentation of massive galaxy clusters and superclusters; this
iminishes the noise-damping provided by the δf -method. The
rowth of such structures towards lower redshift is also the reason
hy the noise damping effect generally becomes weaker at late times.

n any case, these box-size tests indicate that the MTNG630 runs are
till very helpful for cosmological analyses over the k−range of
nterest of current and future galaxy surv e ys such as DESI, Euclid
nd PFS, despite their limited box size. 

Ne xt, we e xplore the time evolution of the clustering of the cold
atter (CDM plus baryons) and massive neutrino components and

ompare the 100 and 300 meV neutrino models, using the MTNG630
imulations. The corresponding power spectra measurements are
hown in Fig. 6 at redshifts z = 0, 1, 3, and 7. In all panels of
ig. 6 there is excellent agreement on large scales between the
imulation measurements and the linear theory predictions (which are
omputed directly with CAMB for the corresponding times) for both
atter components and both neutrino models. There is a monotonic

volution in the increase of power from high redshift ( z = 7; lower
ight panel of Fig. 6 ) to the present day ( z = 0; upper left panel of
ig. 6 ), as expected from linear theory. 
We also observe that neutrinos in the more massive case ( M ν =

00 meV ; see the red dashed lines in Fig. 6 ) are more clustered than
he lighter neutrinos ( M ν = 100 meV ; the red solid lines in Fig. 6 ).
o compensate the higher neutrino clustering, note that the CDM + b
omponent in the 300 meV model (blue dashed lines) ends up slightly
ess clustered than its 100 meV (blue solid lines) counterpart. 

The impact of massive neutrinos on the matter clustering is
ften quantified by comparing the power spectrum with massive



MTNG with massive neutrinos 3651 

Figure 6. Matter power spectra of the cold matter (CDM + b) and massive neutrinos components of the MTNG630-DM-0 . 1 ν (solid lines) and MTNG630- 
DM-0 . 3 ν (dashed lines) simulations at four different redshifts as indicated in each panel. Dotted curves represent linear theory predictions from CAMB at the 
corresponding times for each model. Note that we did not subtract any shot-noise contribution from the power spectrum measurements. 
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eutrinos to the massless ( M ν = 0 meV ) case. This comparison is
hen expressed in terms of a suppression ratio given by 

 X ( k ) = 

P 

X 
M ν

( k ) 

P 

X 
massless ( k ) 

, (21) 

here X is here a placeholder for the component of interest, and
 ν corresponds to the total mass of the neutrino species, i.e. 100 or

00 meV in our case. In the following, we explore this suppression
actor for the cold (cb) and total ( m ) matter power spectra. 

In Fig. 7 , we show the suppression induced by massive neutrinos
 M ν = 100 meV and M ν = 300 meV ) in the total matter ( S m 

( k), left
anel) and cold matter ( S cb ( k), right panel) components with respect
o the massless case at z = 0. We also include the linear theory
uppression for each model, for comparison (dotted lines). 
On large scales, the suppression predicted by the simulations is in
ood agreement with the linear theory for both contributions, P m 

( k)
nd P cb ( k). In the non-linear regime (0 . 2 < k/ [ h Mpc −1 ] < 2),
o we ver, the suppression takes a ‘spoon-like’ shape with a minimum
t ∼8 per cent for the M ν = 100 meV case and ∼24 per cent for
he M ν = 300 meV case, respectively, for the total matter power
pectrum. On the other hand, the cold matter suppression is slightly
eaker compared with that for the total matter. For the former we find
 ∼7 per cent and ∼20 per cent suppression at k ∼ 0 . 8 h Mpc −1 for
he 100 and 300 meV models, respectively. 

At very small scales, k > 2 h Mpc −1 , we see an enhancement of
ower due to the similar fraction of low-mass haloes in massive
nd massless neutrino cosmologies (see e.g. Massara, Villaescusa- 
avarro & Viel 2014 , for a detailed description of the halo model in
MNRAS 540, 3642–3660 (2025) 
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Figure 7. Neutrino induced suppression of the total matter (left panel) and cold matter (CDM and baryons; right panels) power spectra at z = 0 from our 
MTNG630-DM-0 . 1 ν and MTNG630-DM-0 . 3 ν simulations. The dotted curves represent the linear theory prediction from CAMB . The fundamental mode of the 
box is indicated by the vertical dotted line. 

Figure 8. Ratio between the total matter and the cold matter power spectra 
from the MTNG630-DM-0.1 ν and the MTNG630-DM-0.3 ν simulations at 
z = 0. The horizontal dashed lines indicate the value of (1 − f ν ) 2 for each 
model, and the vertical dotted line represents the fundamental mode of the 
periodic simulation box. 
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assive neutrinos cosmologies). Nevertheless, the impact of massive
eutrinos on small-scale structures is weak, meaning that they are
nlikely to significantly affect the abundance of low-mass dark matter
aloes (cf. Section 5 ). 
Note that the massless case does not contain a contribution from
assive neutrinos, hence P cb ( k) = P m 

( k), and the impact of massive
eutrinos on the suppression, equation ( 21 ) (see Fig. 7 ), is only driven
y P 

X 
M ν

( k). For this reason, we plot in Fig. 8 the ratio between the
otal matter and the cold matter power spectrum measured from our
00 and 300 meV neutrino simulations. It is expected that this ratio,
 ( k ) = P m 

( k) / P cb ( k) , asymptotes to the values of 

 ( k ) = 

P m 

( k ) 

P cb ( k ) 
� 

{ 

1 for k 	 k nr 

(1 − f ν) 2 for k 
 k nr , 
(22) 
NRAS 540, 3642–3660 (2025) 
here f ν is the massive neutrino fraction, defined as f ν ≡ �ν/�m 

,
nd k nr is given by (Lesgourgues & Pastor 2006 ), 

 nr � 0 . 018 �1 / 2 
m 

(
1 eV 

M ν

)
h Mpc −1 . (23) 

ur simulation measurements for R ( k ) are shown in Fig. 8 as
olid blue and solid orange lines for our MTNG630-DM-0.1 ν and
TNG630-DM-0.3 ν runs at z = 0, respectively. We can see that

he simulations approach the value of unity at sufficiently large
cales ( k 	 k nr ), and they agree perfectly with the asymptotic
alue of (1 − f ν) 2 on small-scales ( k 
 k nr ). This also explains the
1 . 5 per cent and ∼4 . 5 per cent differences when comparing the

ower spectrum suppression of the total matter and cold matter of
he 100 and 300 meV neutrino models shown in Fig. 7 , respectively.

 H A L O  STATISTICS  

he distribution of CDM (sub)structures is impacted by the presence
f massive neutrinos through the scale-dependent suppression of the
ower spectrum which we have highlighted above. On the other
and, the statistics of CDM haloes, such as galaxy cluster counts, is
 powerful probe to constrain cosmology (see e.g. Costanzi et al.
013 ; B ̈ohringer & Chon 2016 ). We thus continue the analysis
f the MTNG3000 and MTNG630 simulations by exploring the
tatistics and clustering of (cold) dark matter haloes in massive
eutrino cosmologies. We measure the abundance of haloes from our
roup catalogues by considering each FoF group with at least one
ound subhalo as a main halo, taking the particle with the minimum
ravitational potential of the largest subhalo as halo centre. We
haracterize the halo masses using the M 200 c spherical o v erdensity
ass definition, i.e. these masses correspond to the mass contained
ithin a radius enclosing a mean o v erdensity of 200 times the critical
ensity. 
To begin with, we validate the halo mass function (HMF) from our

00 meV neutrino simulations. Fig. 9 displays the redshift evolution
f the HMFs measured as the mean of the A and B realizations of
he MTNG3000-DM-0.1 ν and MTNG630-DM-0.1 ν simulations, at
edshifts z = 3 (red lines), 2 (green lines), 1 (orange lines), and 0
blue lines). Due to the high resolution of our simulations, we can find
ell-resolved haloes with masses as low as M 200 c ∼ 10 10 . 6 h 

−1 M �,
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Figure 9. Box size impact on the measured differential HMF from the 
MTNG3000-DM-0 . 1 ν (solid lines) and MTNG630-DM-0 . 1 ν (dashed lines) 
simulations at redshifts z = 0, z = 1, z = 2, and z = 3. The lower subpanel 
shows the relative difference with respect to the larger run (MTNG3000) 
and the horizontal dotted lines in this panel indicate a nominal 1 per cent 
difference. 
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hich corresponds to haloes with 60 CDM particles. Note that this
ass limit is well below the halo mass for hosting the emission line

alaxies and H α emitters which are the main targets of ongoing and
uture galaxy surv e ys, such as DESI and Euclid (Gonzalez-Perez 
t al. 2018 ; Merson et al. 2019 ; Gao et al. 2023 ; Prada et al. 2025 ;
ocher et al. 2023 ; Castander et al. 2025 ; Garcia-Quintero et al.
024 ). 
igure 10. Neutrino impact on the HMF for the neutrino models with M ν = 100
abelled. In both panels, we show the measured HMF for the � CDM model as das
ifference between the massive neutrino models and the massless case. 
From the lower subpanels of Fig. 9 , we observe that the MTNG630
uns predict almost the same HMF as the MTNG3000 runs in the
ass range 10 11 < M 200 c / [ h 

−1 M �] < 10 13 . The high-mass end of
he MTNG630 HMF is ho we ver af fected at all redshifts by the small
ox size of these runs. This can be seen as increasing counting
uctuations in the higher mass bins, particularly at higher redshift, 
orresponding to the masses of groups or clusters of galaxies with
 200 c > 10 13 h 

−1 M �, and in an eventual complete lack of the most
assive clusters that are present in MTNG3000. Ho we ver, this

est confirms that the MTNG630 runs can still be very useful for
osmological analysis o v er a wide halo mass range, despite their
imited box size. 

Ne xt, we inv estigate the impact of varying the mass of neutrinos
n the halo population. We plot the evolution of the HMF from
 = 3 to z = 0 for our MTNG630-DM-0.1 ν and MTNG630-DM-
.3 ν simulations in the left and right panels of Fig. 10 , respectively.
e additionally include the evolution of the massless neutrino model 

MTNG630-DM-0.0 ν; dashed lines) in each panel, for comparison. 
As expected, the models with massive neutrinos exhibit a reduction 

f the HMF at the massi ve end. This well-kno wn suppression of the
MF (Castorina et al. 2015 ; Liu et al. 2018 ; Adamek et al. 2023 ) is
ighlighted in the bottom subpanels of Fig. 10 . We observe that the
uppression is stronger for higher neutrino mass and higher redshift. 
or instance, at low masses ( M 200 c < 10 12 h 

−1 M �), the suppression
ue to neutrinos with masses M ν = 100 meV (left panel) is less
han 10 per cent, while for the more massive case (300 meV; right
anel) the suppression exceeds 20 per cent. On the other hand, for
assive haloes with M 200 c > 10 13 h 

−1 M � there is a deficit of haloes
mounting to around 20 per cent for the 100 meV case and even 50
er cent for the 300 meV model. Naturally, this can be expected to
ubstantially impact the galaxy population as well, as we will explore
elow. 
Before turning to this, we first investigate the impact of mas-

ive neutrinos on the halo clustering of the MTNG630 runs, but
or conciseness, we only focus on the present time. For defi-
iteness, we define four halo mass-selected populations, M 200 c > 
MNRAS 540, 3642–3660 (2025) 

 meV (left panel) and M ν = 300 meV (right panel) at different redshifts, as 
hed lines (i.e. for M ν = 0 meV ). The bottom subpanels display the relative 

07 by Ferm
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Figure 11. Real-space halo 2PCF for M 200 c -selected haloes with halo masses M 200 c > 1 × 10 11 . 5 h −1 M � (Mh1), M 200 c > 1 × 10 12 h −1 M � (Mh2), M 200 c > 

1 × 10 12 . 5 h −1 M � (Mh3), and M 200 c > 1 × 10 13 h −1 M � (Mh4) at z = 0. The lo wer subpanels sho w the neutrino impact on the halo clustering for the 
M ν = 100 meV and M ν = 300 meV models, respectively, with the horizontal dashed lines indicating a 2 per cent difference. 
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 × 10 11 . 5 h 

−1 M � (Mh1 sample), M 200 c > 1 × 10 12 h 

−1 M � (Mh2
ample), M 200 c > 1 × 10 12 . 5 h 

−1 M � (Mh3 sample), and M 200 c >

 × 10 13 h 

−1 M � (Mh4 sample), for the three neutrino models (mass-
ess, 100 and 300 meV ). 

Fig. 11 shows the real-space halo two-point correlation func-
ion (2PCF) measured from the MTNG630-DM-0.1 ν (left panel;
olid lines), MTNG630-DM-0.3 ν (right panel; solid lines), and
TNG630-DM-0.0 ν (both panels; dashed lines) simulations at

 = 0, for the four halo samples described abo v e. We measured
he clustering using 20 log-spaced radial bins between 0 . 5 <
/ [ h 

−1 Mpc ] < 50. Note that we again plot the average of the A
nd B realizations of each model. We clearly observe from the upper
eft and right panels that samples dominated by more massive haloes
ave a larger clustering amplitude at r > 2 h 

−1 Mpc , independently
f neutrino mass, i.e. samples with lower spatial-density are more
lustered and more highly biased at larger separations r . This follows
he general expectation for an increase of halo bias with halo mass
Mo & White 1996 ). 

In order to quantify the impact of massive neutrinos on halo clus-
ering we plot the relative difference between the massive neutrino

odels and the massless case in the lower subpanels of Fig. 11 . From
he 100 meV model (left lower panel) we find an enhancement of ∼2
er cent of the clustering on large scales r > 2 h 

−1 Mpc for the Mh3
nd Mh4 halo sample. The clustering of the Mh1 and Mh2 samples
grees very well with its massless counterpart, with a difference of
ess than 2 per cent for scales r > 10 h 

−1 Mpc . On the other hand,
he CDM haloes in the 300 meV massive neutrinos cosmology are

ore clustered on scales r > 2 h 

−1 Mpc , producing an enhancement
f ∼2, ∼5, and ∼8 per cent for the Mh2, Mh3, and Mh4 samples,
espectively. This indicates that the large-scale halo bias in such
assive models is higher than in the plain � CDM (massless) model,

s previously found by Marulli et al. ( 2011 ), Villaescusa-Navarro
t al. ( 2014 ), and Adamek et al. ( 2023 ). 
NRAS 540, 3642–3660 (2025) 
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 G A L A X Y  STATISTICS  

n the following, we study the impact of massive neutrinos on the
roperties and the distribution of galaxies computed with a physics-
ased semi-analytical galaxy formation model (SAM), something
hat has not been done so far. We generate realistic galaxy catalogues
sing the updated version of the L-GALAXIES semi-analytic galaxy
ormation code introduced by Barrera et al. 2023 . This code orig-
nated in work done for the Millennium simulation (Springel et al.
005 ; Croton et al. 2006 ) and has been progressively refined o v er the
ears in many studies (e.g. Henriques et al. 2013 , 2015b ; Ayromlou
t al. 2021 ). The recent impro v ements most rele v ant for the present
ork include the use of the more robust substructure and merger

ree tracking algorithms introduced in GADGET-4 , a rew ork ed time
ntegration scheme of the differential equations used to describe the
alaxy formation physics, a more flexible storage scheme for the
tar formation history of galaxies, and the ability to output galaxies
nd their photometry directly on the past backwards lightcone of a
ducial observer. 
We have run the L-GALAXIES code on the merger trees of our

imulations without any modifications of the galaxy formation
hysics parameters (such as star formation efficiency, feedback
trength etc.), i.e. the same values for them in the parameter files and
he same compilation flags are used for the three massive neutrino

odels (0, 100, and 300 meV), modulo the small adjustments in
he cosmological parameters of the models needed to realize a

assive neutrino component, which has a very small influence on
he Hubble rate computation done by L-GALAXIES . We are thus not
esting whether differences due to the presence of neutrinos could
e partially or fully absorbed into changes of the (uncertain) galaxy
ormation physics parameters. Ho we ver, a recent study by Mummery
t al. ( 2017 ) has shown that galaxy formation models do not need
o be changed in the presence of massive neutrinos. Notice that
hroughout this section we will show results for the average of the A
nd B realizations, unless stated otherwise. 
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Figure 12. Evolution of the cosmic SFRD from our MTNG630 simulations, 
comparing the 0 meV, 100 meV, and 300 meV models. The lower panel shows 
the relati ve dif ference between the massi ve neutrinos models and the massless 
case. 
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First, we consider the evolution of the cosmic star formation 
ensity (SFRD) for the full galaxy population as measured from 

he SAM galaxy catalogues of the MTNG630 simulations. In Fig. 
2 , we show the evolution of the star formation rate density (SFRD)
rom z = 10 to z = 0. We can clearly see that the massive neutrinos
odels (100 and 300 meV ) track the o v erall shape of the massless

ase, i.e. the SFRD first increases rapidly with time (decreasing 
edshift), reaches a peak at z ∼ 2 . 5, and then decreases at later times
igure 13. GSMFs at z = 0 (left panel) and z = 1 (right panel) from the MTN6
isplay the relati ve dif ference between the 100 and 300 meV models and the massle
ets presented by Henriques et al. 2015a . 
o the present epoch as the dark matter halo population starts to
ecome increasingly dominated by massive quenched galaxies with 
lder stellar populations. Ho we ver, the SFRD at high redshift is
learly reduced for the massive neutrino models compared to the 
assless case, whereas the models reach very similar SFRDs at the

resent time. 
We directly quantify the relative impact of massive neutrinos on 

he SFRD in the lower panel of Fig. 12 . The SFR of the M ν = 0 . 3 eV
odel is suppressed at almost all redshifts, but this suppression is
uch stronger at early times ( z > 5), reaching forty per cent with

espect to the massless case. This is due to the suppression of low-
ass haloes at high redshift in this model (as shown in the right panel

f Fig. 10 ; there is already a deficit of 30 per cent in the CDM haloes
ith masses M 200 c ∼ 10 12 h 

−1 M �). While this effect is weaker for
he 100 meV neutrino model, it still suppresses the star formation 
ensity by 15 per cent at redshifts z > 5. The suppression becomes
maller for both neutrino models at late times, and at low redshift the
alo population which accounts for the majority of the star formation
s almost the same as in the massless neutrinos counterpart (see, e.g.
he orange and blue lines in the lower subpanels of Fig. 10 ). 

We now investigate the galaxy stellar mass function (GSMF), 
hich is central for describing the formation and evolution of the
alaxy population o v er cosmic time. The GSMF measured from
ur MTNG630 (solid lines) and MTNG3000 (red dashed lines) 
imulations is shown in Fig. 13 at z = 0 (left panel) and z = 1
right panel). The GSMFs are generally in good agreement with 
bservations (blue symbols with errorbars) at both redshifts. Also, 
e see that the resolution of our simulations is sufficient to produce
alaxies with a stellar mass of M � = 10 8 h 

−1 M �, consistent with the
onvergence studies of Barrera et al. ( 2023 ). 

From the bottom subpanels of Fig. 13 , which display the relative
ifferences between the models, we observe that the stellar mass 
unction measured from the MTNG630-DM-0 . 1 ν simulation (blue 
olid line) is in excellent agreement with the massless case for
MNRAS 540, 3642–3660 (2025) 

30 and MTNG3000 neutrino simulations, as labelled. The lower subpanels 
ss case. The dots with error bars correspond to combined observational data 
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alaxies with M � < 10 10 h 

−1 M �. Ho we ver, we find a suppression
f the GSMF for galaxies with stellar mass M � ∼ 10 11 h 

−1 M � of
round 10 per cent, and this suppression is stronger for massive
alaxies, reaching 30 per cent for galaxies with M � = 10 12 h 

−1 M � at
 = 0, whereas at the higher redshift of z = 1 it is about 20 per cent
or galaxies with M � ∼ 10 11 . 5 h 

−1 M �. 
Note that we have also included measurements of the GSMF

or the MTNG3000 runs (red dashed lines) in all panels of Fig.
3 . For the stellar mass range 10 8 < M � / [ h 

−1 M �] < 10 10 , the
uppression of the GSMF predicted by the MTNG3000-DM-0.1 ν
imulations is in very good agreement with that inferred from their
30 Mpc counterparts (MTNG630-DM-0.1 ν; blue lines). Ho we ver,
or massive galaxies beyond the knee of the GSMF the models
or the 3000 Mpc box size predict a higher galaxy abundance. But
ote that we are in this figure comparing the MTNG3000-DM-
.1 ν ( M ν = 0 . 1 eV model) GSMFs runs to the MTNG630-DM-
 . 0 ν (massless) model, hence the difference at the high-mass end
 M � > 10 11 h 

−1 M �) is expected due to the different box sizes. In this
egime, the MTNG3000 boxes produce a large number of massive
bjects that are simply absent in the MTNG630 boxes, and in this
ense the latter are not sufficiently representative for the universe as
 whole. 

We also find that the M ν = 0 . 3 eV model (orange lines in the
ower subpanels of Fig. 13 ) produces a suppression of 10 per cent
nd 5 per cent in the mass range 10 8 < M � / [ h 

−1 M �] < 10 10 at
 = 1 and z = 0, respectively. There is a noticeable difference of
round 40 per cent at the bright end of the GSMF in both panels of
ig. 13 , between the M ν = 0 . 3 , eV and the M ν = 0 eV models. This

s consistent with our findings for the HMF shown in the right panel
f Fig. 10 . 
The clustering of galaxies is another powerful tool to constrain

osmological models and galaxy formation physics. For this reason
e here present a preliminary analysis of the galaxy clustering from
ur neutrino simulations. This is primarily meant as an illustration of
hat is possible with our models, whereas a comprehensive analysis
f the galaxy clustering properties of the MTNG630 and MTNG3000
imulations is beyond the scope of this paper and is left for future
ork. 
We measure the real-space galaxy 2PCF from the MTNG630

imulations at z = 1 and z = 0 using 30 logarithmically spaced
adial bins in the range 0 . 1 < r/ [ h 

−1 Mpc ] < 40, as presented in
ig. 14 . We consider both stellar mass ( M � ) and SFR selected
alaxies with number densities of n g = 3 × 10 −3 h 

3 Mpc −3 (Ng1)
nd n g = 1 × 10 −3 h 

3 Mpc −3 (Ng2). The selection by M � and SFR
as chosen because it has been shown that these quantities are good
roxies to define luminous-red and emission line galaxies in the
ontext of galaxy surveys (see e.g. Hadzhiyska et al. 2021 , 2023b ;
ose et al. 2023 ). The number densities of the Ng1 and Ng2 samples
re similar to the expected spatial densities of galaxies that will
e observed by the DESI and Euclid surv e ys. F or definiteness, the
pecific values of the stellar mass and star formation cuts that we
dopted to yield these number densities are listed in Table 3 . 

The galaxy 2PCF measured from the M � -selected samples is
hown in the upper row of Fig. 14 . From the upper right panel
f Fig. 14 we see that the three neutrino models predict almost
he same clustering at z = 1 at scales of r > 2 h 

−1 Mpc for both
alaxy samples, Ng1 and Ng2. On small-scales, r < 1 h 

−1 Mpc ,
he massive neutrinos suppress the clustering signal by around 2
er cent and 7 per cent, for the 100 and 300 meV models, respectively.
n the other hand, at z = 0 (upper left panel), the clustering

ignal of galaxies from the 100 meV M � −samples is similar to
he results at z = 1, because the GSMF is only slightly affected
NRAS 540, 3642–3660 (2025) 
y the 100 meV neutrinos at z = 0 and z = 1 (cf. Fig. 13 ). In the
00 meV model, we find a deviation of 5 per cent below the massless
ase at scales r > 3 h 

−1 Mpc at z = 0. Larger effects are seen on
cales r < 2 h 

−1 Mpc , where the clustering signal drops by around
5 per cent and 10 per cent compared to the massless model for the
g1 and Ng2 samples, respectively. 
The clustering of SFR-selected galaxies is displayed in the bottom

ow of Fig. 14 . We find that the clustering signal of SFR-selected
alaxies is generally weaker than for the stellar mass selected
amples. This is because star-forming galaxies are often blue, young,
ow-mass galaxies that are less clustered than massive galaxies. We
bserve that the 2PCF of the 100 meV model at z = 1 (bottom right
ubpanel of Fig. 14 ) is 2 per cent larger than that of the massless case
t scales r > 1 h 

−1 Mpc . The amplitude of the galaxy clustering signal
f the 300 meV samples at z = 1 is higher than for the massless case.
his can be understood because we need to include more galaxies
ith lower SFR to match the desired number density. At the present

ime (bottom left subpanel of Fig. 14 ), the clustering amplitude
redicted by the massive neutrino models is 3 per cent lower than
or the massless case. This is because at the present time the Ng1
nd Ng2 samples have almost the same SFR cut (see Table 3 ) for
ll models. Note that in both panels we observe that the SFR-Ng2
ample of the 100 meV model (solid purple line) produces almost the
ame clustering amplitude as the massless case o v er a broad range
f scales. This is also expected based on the nearly identical SFR
ut in both models. Nevertheless, there is a noticeable difference on
mall-scales, r < 0 . 3 h 

−1 Mpc , where the amplitude is decreased by
0 per cent. 
Finally, we can take advantage of the large volume of the
TNG3000-DM-0.1 ν simulations to measure the large-scale bary-

nic acoustic oscillation (BAO) scale galaxy clustering from our
AM catalogues. One of the goals of ongoing and future galaxy
urv e ys is to use the BAO feature as seen in different galaxy selections
cross cosmic time to reconstruct the cosmic expansion history, and in
his way to constrain the cosmological parameters – ideally including
he sum of the neutrino masses. 

As an illustration of the expected effects in this approach, we
easure the monopole of the redshift-space correlation function at

ifferent redshifts using our MTNG3000 runs and compare the results
ith current observational data. To do so, we define four galaxy

amples that match the observed galaxy number densities, as follows:

(i) DESI BGS : the desired number density is n BGS = 3 . 8 ×
0 −3 h 

3 Mpc −3 at the median redshift of z = 0 . 3 (Moon et al. 2023 ).
e select galaxies ranked by their r−band magnitude from our L-

ALAXIES catalogues, matching the observed n BGS . 
(ii) CMASS : this sample has an observed spatial number density

f n CMASS = 4 . 4 × 10 −4 h 

3 Mpc −3 at z = 0 . 5 (Cuesta et al. 2016 ).
n this case, we rank galaxies in our simulations by stellar mass in
escending order, and we select the N most massive galaxies that
eproduce the observational number density. 

(iii) DESI LRG : similarly to the CMASS sample, we rank the
AM galaxies by stellar mass, and then select them to reproduce a
umber density of n LRG = 7 . 4 × 10 −4 h 

3 Mpc −3 at z = 0 . 74 (Moon
t al. 2023 ). 

(iv) DESI ELG : to build this sample we just apply a simple SFR-
ut in our galaxy catalogues such that we match the observed number
ensity of n ELG = 1 × 10 −3 h 

3 Mpc −3 at z = 1 (Moon et al. 2023 ). 

The resulting clustering measurements from our simulations are
hown in Fig. 15 . We observe that our simple galaxy selections based
n r−band magnitude, galaxy stellar mass, and SFR reproduce the
mplitude and shape of the observed galaxy clustering signal quite
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Figure 14. Real-space galaxy 2PCFs measured from the MTNG630-DM-0.0 ν (dash-dotted lines), MTNG630-DM-0.1 ν (solid lines), and MTNG630-DM-0.3 ν
(dashed lines) simulations at z = 0 (left panels) and z = 1 (right panels), for stellar mass (upper row) and SFR (bottom row) selected galaxy samples with number 
densities of n g = 3 × 10 −3 h 3 Mpc −3 (Ng1) and n g = 1 × 10 −3 h 3 Mpc −3 (Ng2). The lo wer subpanels sho w the relati ve dif ferences between the massi ve (100 
and 300 meV) and massless (0 meV) models. 

Table 3. Stellar mass and SFR cuts that define the n g = 3 × 10 −3 h 3 Mpc −3 (Ng1) and n g = 1 × 10 −3 h 3 Mpc −3 (Ng2) galaxy samples. 

M � ( h −1 M �) M � ( h −1 M �) M � ( h −1 M �) SFR (M �yr −1 ) SFR (M �yr −1 ) SFR (M �yr −1 ) 
0 meV 100 meV 300 meV 0 meV 100 meV 300 meV 

z = 0 (Ng1) 2 . 82 × 10 10 2 . 74 × 10 10 2 . 60 × 10 10 2.44 2.45 2.46 
z = 0 (Ng2) 5 . 11 × 10 10 4 . 97 × 10 10 4 . 71 × 10 10 4.02 4.04 4.06 
z = 1 (Ng1) 1 . 83 × 10 10 1 . 75 × 10 10 1 . 58 × 10 10 7.01 6.92 6.73 
z = 1 (Ng2) 3 . 40 × 10 10 3 . 28 × 10 10 3 . 04 × 10 10 1.22 1.22 1.20 
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M

Figure 15. Monopole of the redshift–space correlation function measured from the MTNG3000-DM-0.1 ν simulations for different galaxy selections and 
redshifts, as labelled. Coloured symbols with errorbars are observations from the DESI BGS, CMASS, DESI LRG, and DESI ELG surv e ys. The CMASS 
observational data points were taken from Cuesta et al. 2016 and the BGS, LRG, and ELG data correspond to the DESI-M2 sample by Moon et al. 2023 . 
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ell, which is reassuring. A potentially sizeable mismatch is seen for
MASS at scales s > 120 h 

−1 Mpc , but whether or not this is really
ignificant can only be assessed with a more careful comparison
ased on a detailed forward modelling approach. 
To build the fully realistic mock galaxy catalogues required

or this e x ercise, we need to apply a more sophisticated colour–
agnitude selection and impose surv e y masks to also account for

he appropriate surv e y geometry (see e.g. Alam et al. 2017 ; Raichoor
t al. 2023 ; Zhou et al. 2023 ) and the effects this entails. Ho we ver,
s our goal here is merely to show that our MTNG3000 simulations
ave sufficiently large volume to produce galaxy catalogues that are
apable of such BAO-scale analysis we defer an in-depth analysis of
he match to observational galaxy surv e ys to a dedicated future study
hat implements a detailed forward modelling. 
NRAS 540, 3642–3660 (2025) 
 SUMMARY  A N D  C O N C L U S I O N S  

e have introduced a new set of simulations that are part of the
TNG project. These simulations focus on the neutrino sector

nd consist in each case of two realizations (A and B) for cosmic
ariance reduction. We include massive neutrinos with summed rest
asses M ν = 100 meV in two different volumes with box sizes
 = 2040 h 

−1 Mpc (3000 Mpc) and L = 430 h 

−1 Mpc ( ∼630 Mpc),
ubbed MTNG3000-DM-0.1 ν and MTNG630-DM-0.1 ν, respec-
ively. The large box runs evolve close to 1.1 trillion CDM particles,
nd more than 16 billion neutrino particles with the δf -technique,
iving the CDM a particle mass resolution of 6 . 66 × 10 8 h 

−1 M �. In
ddition, we have carried out two further simulations for neutrino
odels with masses M ν = 300 meV and M ν = 0 meV , using the
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maller volume configuration (MTNG630-DM-0.3 ν and MTNG630- 
M-0.0 ν). 
In this paper, we have also detailed the numerical implementation 

f our approaches to include massive neutrinos (and other relativistic 
pecies) in cosmological simulations. This entailed changes in the 
ADGET-4 code to properly account for relativistic components, and 

he use of the so-called δf -method (Elbers et al. 2021 ) to reduce
hot noise in a particle-based representation of neutrinos, as well as
djustments of the initial conditions generation to be able to directly 
lign them with the multispecies transfer functions computed by 
oltzmann codes such as CAMB , and to correct for super-horizon 
odes present in ∼Gpc-scale N -body simulations. 
As part of a series of validation tests of the matter clustering of our
 ν = 100 meV simulations, we have found an excellent agreement 

etween the cold matter (CDM + b) and massive neutrinos compo- 
ents of the measured power spectrum from MTNG3000-DM-0.1 ν
nd MTNG630-DM-0.1 ν (see Fig. 5 ). In addition, we established 
hat the evolution of the matter clustering of the MTNG630-DM- 
.1 ν and MTNG630-DM-0.3 ν simulations is in good agreement 
ith linear theory predictions on the largest scales (see Fig. 6 ). Also,
e observed a spoon -like suppression in the power spectrum due to
resence of massive neutrinos (in Fig. 7 ). The corresponding effect is
tronger for more massive neutrino models, e.g. M ν = 300 meV , and
he small-scale behaviour of the effect reflects non-linear neutrino 
lustering. 

We have then explored the statistics and clustering signal of CDM
aloes in our simulations with massive neutrinos. We find excellent 
greement between the HMFs measured from the MTNG3000-DM- 
.1 ν and MTNG630-DM-0.1 ν simulations (see Fig. 9 ). We also 
uantified the impact of massive neutrinos on the HMF, finding 
 deficit of haloes that becomes larger for more massive neutrino 
odels, and is stronger at higher redshifts (see Fig. 10 ). Massive

eutrinos also affect the clustering of CDM haloes, where we 
etect noticeable differences at large scales r > 10 − 20 h 

−1 Mpc ,
epending on the neutrino model (cf. Fig. 11 ). 
Finally, one of the most important advances in the MTNG simu-

ation project is that it can produce physically grounded galaxy cat- 
logues with the updated version of the L-GALAXIES semi-analytical 
odel of galaxy formation (Barrera et al. 2023 ). With such galaxy

atalogues, we are able to study the impact of massive neutrinos 
n astrophysical and cosmological observables. For instance, we 
ho wed that massi ve neutrinos suppress the star-formation history 
f galaxies across cosmic time (cf. Fig. 12 ). In addition, the GSMF
Fig. 13 ) is affected in a similar fashion to the HMF, i.e. the predicted
SMF in models with massive neutrinos is lower than that of their
assless counterpart. Moreo v er, we established some deviations in 

he real-space galaxy correlation functions of stellar mass and SFR 

elected galaxies in different neutrino cosmologies (see Fig. 14 ). 
urthermore, using our large boxes (MTNG3000-A/B) we were able 

o measure the clustering of galaxies at the BAO scale. We find that
imple galaxy selection criteria that yield similar galaxy densities as 
n the observed samples can reproduce the shape of the large-scale 
alaxy clustering of current observations rather well and reproduce 
 clear BAO feature with very high signal to noise (as shown in
ig. 15 ). 
The transformative increase of the observational volume and the 

umber of observed galaxies ushered in by galaxy surv e ys such as
ESI and Euclid calls for precise numerical calculations to assist 

he proper interpretation of this data. The MTNG simulation project 
s an attempt to live up to this challenge and to provide a useful
asis for the generation of truly realistic galaxy mock catalogues 
hat can impro v e the faithfulness of comparisons between theory 
B

nd observations. While the present paper has merely scratched the 
urface in this regard, it established important foundations for this 
oal by demonstrating that simulations with massive neutrinos can 
e carried out with high accuracy at low computational cost, and that
heir effects should thus be included in future studies of precision
osmology with simulations. While the corresponding effects due to 
eutrinos are admittedly small, they are nevertheless large enough to 
ffer the exciting prospect to put tighter constraints on the neutrino
asses based on cosmological observations – which is addressing a 

ruly fundamental goal of astroparticle physics. 
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