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ABSTRACT

We introduce the new cosmological simulation project cosmosTNG, a first-of-its-kind suite of constrained galaxy formation simu-
lations for the universe at cosmic noon (z ~ 2). cosmosTNG simulates a 0.2 deg? patch of the COSMOS field at z ~ 2.0-2.2 using
an initial density field inferred from galaxy redshift surveys and the CLAMATO Lya forest tomography survey, reconstructed by
the TARDIS algorithm. We evolve eight different realizations of this volume to capture small-scale variations. All runs use the Illus-
trisTNG galaxy formation model with a baryonic mass resolution of 10° M, equal to TNG100-1. In this initial study we demonstrate
the qualitative agreement between the evolved large-scale structure and the spatial distribution of observed galaxy populations in
COSMOS, emphasizing the zZFIRE protocluster region. We then compare the statistical properties and scaling relations of the galaxy
population, covering stellar, gaseous, and supermassive black hole (SMBH) components, between cosmosTNG, observations in COS-
MOS, and z ~ 2 observational data in general. We find that galaxy quenching and environmental effects in COSMOS are modulated
by its specific large-scale structure, particularly the collapsing protoclusters in the region. With respect to a random region of the
universe, the abundance of high-mass galaxies is higher, and the quenched fraction of galaxies is significantly lower at fixed mass.
This suggests an accelerated growth of stellar mass, as reflected in a higher cosmic star formation rate density, due to the unique
large-scale field of the simulated COSMOS subvolume. The cosmosTNG suite will be a valuable tool for studying galaxy formation
at cosmic noon, particularly when interpreting extragalactic observations with HST, JWST, and other large multi-wavelength survey

programs of the COSMOS field.
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1. Introduction

The initial density fluctuation of dark matter grew quickly after
the Big Bang, forming a cosmic web of filaments, sheets, and
voids (Bond et al. 1996). Baryonic matter soon followed the
gravitational collapse of dark matter, enabling the formation of
galaxies within halos. This large-scale environment played a cru-
cial role in shaping the properties of galaxies, particularly dur-
ing the epoch of cosmic noon, the peak of star formation and
quasar activity at z ~ 2-3 roughly ten billion years ago, as
galaxies rapidly evolved through cold gas streams and merg-
ers (Lacey & Cole 1993; Dekel et al. 2009). Recent and upcom-
ing surveys will provide a wealth of data from this epoch. With
the launch of the James Webb Space Telescope (JWST), sev-
eral programs are providing an unprecedented view of high-
redshift galaxies at cosmic noon and beyond (Dunlop et al. 2021;
Treu et al. 2022; Finkelstein et al. 2023; Casey et al. 2023). Sim-
ilarly, near-infrared multi-object spectrographs such as the future
missions VLT-MOONS and Subaru-PFS (Maiolino et al. 2020;
Greene et al. 2022) will supplement these space-based efforts at
cosmic noon.

Galaxy formation simulations have become an important
tool for the interpretation of such observations (Hopkins et al.
2018; Vogelsberger et al. 2020). In particular, simulations of
large cosmological volumes can now reproduce many observed
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key properties and scaling relations for statistical samples of
galaxies (Pillepich et al. 2018a; Lee et al. 2021; Schaye et al.
2023). Conventional cosmological simulations are initialized
with a random Gaussian field matching a given power spectrum
P(k). This approach allows a statistical comparison to observed
data, but does not reproduce the large-scale structure of any
given region of the real universe. Typical simulation volumes
(~1003 cMpc?) are subject to cosmic variance effects, particu-
larly at the high-mass end. While carefully selected initial con-
ditions can be used to draw representative volume (e.g., in TNG;
see Vogelsberger et al. 2014), caution is needed when making
comparisons to galaxies from limited survey volumes.

To overcome this limitation, constrained simulations enable
a more nuanced comparison of galaxies in their large-scale
environment with observed data. Such simulations utilize exist-
ing observations to derive their initial conditions, such that
they reproduce the observed large-scale structure at late times.
Primarily, this technique is employed in the context of the
local universe, including the ELUCID (Wangetal. 2016),
CLONE (Sorce & Tempel 2018), and SLOW (Dolag et al.
2023) simulations. The CLUES (Gottloeber et al. 2010), HES-
TIA (Libeskind et al. 2020), and SIBELIUS (Sawala et al. 2022;
McAlpine et al. 2022) simulations apply these approaches to the
local universe (z < 0.1). Constrained realizations have mostly
been run as dark matter-only simulations, but follow-up and
zoom-in simulations with hydrodynamics and galaxy formation
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Fig. 1. The COSMOS field and the simulated volume by cosmosTNG.
The background shows HST-ACS F814W imaging of the field. We show
the footprint of cosmosTNG/CLAMATO in the field, along with the
zFIRE, COSMOS-Web, and PRIMER survey footprints.
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physics exist (in addition to the above, see, e.g., Yepes et al.
2014; Sorce et al. 2021; Li et al. 2022; Luo et al. 2024).

Recently, efforts have been made to extend constrained
simulations beyond the local universe. Notably, the COSTCO
dark-matter only simulation suite (Ataetal. 2022) uses a
Bayesian inference algorithm (Kitaura et al. 2021) with Hamil-
tonian Monte Carlo Sampling for estimating the initial condi-
tions and underlying matter density field from observed z ~ 2-3
galaxies within the COSMOS field (Ataetal. 2021). Subse-
quent N-body re-simulations of these initial conditions reveal
the emergence and fate of massive halos and protocluster regions
therein (Ata et al. 2022).

The COSMOS field (Scoville et al. 2007) is one of the
deepest and most well-studied extragalactic fields. Following
its initial deep imaging with ACS on the Hubble Space Tele-
scope, COSMOS has been observed through various programs
across the electromagnetic spectrum, including X-ray obser-
vations with XMM/Newton and Chandra, optical observations
with Subaru and the VLT, infrared observations with Spitzer
and Herschel, submillimeter observations with ALMA, and
radio observations with VLA and VLBA. In addition, several
large spectroscopic programs with Subaru, Keck, and VLT pro-
vide redshifts for tens of thousands of galaxies (Lilly et al.
2007; Le Fevre et al. 2015; Kriek et al. 2015; Nanayakkara et al.
2016). Much of this data has been compiled in various cat-
alogs (Capak et al. 2007; Ilbert et al. 2009; Laigle et al. 2016;
Weaver et al. 2022) including more than a million sources with
photometric redshifts. The COSMOS field has been used for
a wide range of studies, including the relation between galax-
ies and their host dark matter halos (McCracken et al. 2015;
Legrand et al. 2019), star formation regulation (Wang et al.
2022) and quenching (Peng et al. 2010; Moustakas et al. 2013;
Edward et al. 2024), and correlations with, and reconstruction
of, the large-scale structure (Scoville et al. 2013; Darvish et al.
2017; Laigle et al. 2018). Uniquely among the various observa-
tional deep fields, COSMOS moves beyond a narrow pencil-
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beam geometry and covers a nontrivial footprint on the sky
equivalent to ~100 cMpc transverse scales at z > 2.

Importantly, COSMOS has also been targeted for Ly forest
tomography (Lee et al. 2014a). It is currently surveyed by JWST
as part of various legacy programs such as the COSMOS-Web,
PRIMER , Blue Jay, and COSMOS-3D programs (Dunlop et al.
2021; Casey et al. 2023; Belli et al. 2024; Kakiichi et al. 2024),
which will expand the available data on high-redshift galaxies
and their environments in this field. Given this wealth of infor-
mation for both reconstruction and comparison, the COSMOS
field is a prime candidate for further investigation with con-
strained simulations.

Here we introduce the new cosmosTNG simulation suite, a
set of constrained simulations in the COSMOS field at cosmic
noon. cosmosTNG is the first constrained high-redshift cosmo-
logical galaxy formation simulation (z > 2), enabling the study
of galaxy formation in the actual large-scale environments that
are characterized in observations. Figure 1 shows the COSMOS
field and the cosmosTNG footprint, as well as the overlapping,
targeted regions by the zFIRE, PRIMER, and COSMOS-Web
survey footprints. The simulations are based on the IllustrisTNG
model (Weinberger et al. 2017; Pillepich et al. 2018a) and are
designed to reproduce the z = 2-2.5 COSMOS field. The
TNG model has been calibrated exclusively on z = 0 galaxy
properties such as the stellar mass function and stellar-to-halo-
mass relation, and the cosmic star formation rate density ver-
sus time (Pillepich et al. 2018a). This makes galaxy properties
and galaxy populations at high redshift particularly predictive in
nature. As such, cosmosTNG also enables a unique test of the
TNG model in this regime.

This paper is structured as follows. In Sect. 2 we describe
the initial conditions and simulation setup, the TNG galaxy for-
mation model, and the cosmosTNG suite. In Sect. 3 we present
the initial results from cosmosTNG, including the reconstructed
large-scale structure and a number of galaxy population statis-
tics and scaling relations in comparison to data. We conclude in
Sect. 5 with a summary of the results and a future outlook.

2. Methods
2.1. Initial conditions and simulation setup

In the following we describe our methods for constructing and
running constrained simulations. The overall method is summa-
rized in Fig. 2, showing the key steps of reconstruction, initial
conditions setup, and running of the hydrodynamical simulation.
The initial conditions are derived from observations
of the COSMOS Lyman-alpha Mapping And Tomogra-
phy Observations (CLAMATO) Survey (Leeetal. 2014a,
2018; Horowitzetal. 2022), supplemented by spectro-
scopic galaxy samples added in the TARDIS reconstruction
method (Horowitz et al. 2019, see Fig. 2 bottom left).
CLAMATO utilizes star-forming galaxies and quasars as
background sources to probe the Lyman-alpha (Lya@) forest to
determine the large-scale hydrogen distribution at z ~ 2.05-2.55
centered at 10"00"34.21°, +02°17’53.49” (J2000). This corre-
sponds to an extent of 438 cMpc/h in redshift and 34 cMpc/h
in right ascension (RA) and 28 cMpc/h in declination (Dec).
The CLAMATO survey was conducted with the LRIS spectro-
graph on the Keck-I Telescope, yielding around 320 galaxy and
quasar background sources in a ~0.2 deg? patch of the COSMOS
field. The Lyman-alpha forest fluctuation is determined for each
sightline by dividing out the estimated source continuum and
assumed mean Lyman-alpha transmission (Lee et al. 2012).
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Fig. 2. Schematic of the method. We reconstructed the initial z ~ 100
density field from observations of zZCOSMOS galaxies and CLAMATO
Lya forest measurements at z ~ 2 using the TARDIS pipeline. We then
generated constrained initial conditions using our modified version of

N-GenlC, and finally ran the full hydrodynamical simulation using the
AREPO code.

While earlier Lyman-alpha forest based reconstruction
efforts (Leeetal. 2014a, 2018; Newman et al. 2020) used
the Wiener filtering technique (see, e.g., Pichon etal. 2001;
Caucciet al. 2008) for reconstruction of the large-scale
density field, cosmosTNG uses the more recent TARDIS
method (Horowitz et al. 2019, 2021, 2022) allowing the recon-
struction of the initial density field from the CLAMATO sur-
vey. The Tomographic Absorption Reconstruction and Density
Inference Scheme (TARDIS) utilizes maximum likelihood meth-
ods to reconstruct the underlying initial density field with a
fast nonlinear gravitational model. A forward model computes
the mock Ly« forest measurements and galaxy populations by
evolving a given initial density field with the fastPM/flowPM
code (Feng et al. 2016; Modi et al. 2021) to the target redshift.
A similar forward model based reconstruction approach has been
studied in Porqueres et al. (2019, 2020) utilizing a Hamiltonian
Monte Carlo solver, albeit requiring a strong cosmological prior
and larger computational demand.

For the Lya forest transmission, the Fluctuating Gunn-
Peterson Approximation (FGPA) yields the evolved density
field. The improved TARDIS-II allows galaxies to be incor-
porated into the reconstruction, which we do so by includ-
ing galaxy redshifts taken from zCOSMOS (Lilly et al. 2007),
including unpublished zCOSMOS-Deep data (Kashino et al.,
in prep.). The galaxy overdensity field is modeled using a
linear and quadratic bias term in Lagrangian space, effec-
tively following the approach in Modi et al. (2020). The log-
likelihood for the Ly« forest and galaxy population consists of
a prior term and the sum of the squared differences between
the respective observed and model overdensity field in each
pixel. The joint log-likelihood is given by the sum of the
two individual log-likelihoods'. The prior is chosen to enforce
positivity of the power spectra band powers, but without a
strong cosmological constraint on the fields. The likelihood

! In the current reconstruction, we find that zZCOSMOS galaxies play

only a minor role for the resulting initial conditions.

is iteratively maximized by running a sequence of forward
models using the limited-memory Broyden-Fletcher-Goldfarb-
Shanno (LBFGS; Liu & Nocedal 1989) optimization algorithm.
A detailed description of the reconstruction method can be found
in Horowitz et al. (2021, 2022).

For cosmosTNG, each TARDIS forward step was carried out
on a 128 uniform grid with a spatial resolution of 1.0 cMpc/h.
The resulting reconstructed density field centers on the CLAM-
ATO survey footprint in RA and Dec at a given redshift. In order
to cover the whole CLAMATO survey volume across the red-
shift range, five overlapping, equally spaced subvolumes were
run. These are centered at 59, 147, 235, 323, and 411 cMpc/h in
the redshift direction. For each subvolume, we discarded the first
and last 5 cMpc/h. This leaves an overlap of 30 cMpc/h between
each subvolume. We linearly interpolated the density field in the
overlapping region by averaging the densities weighted by the
distance to the respective subvolume border. We truncated the
stitched density field at 450 cMpc/h. Overall, the end result is a
128x128x450 grid centered on the CLAMATO survey footprint
in RA and Dec?.

From the TARDIS maximum a posteriori realization of the
density field, we extracted a 128* cube for the initial density
field of our cosmological simulation. We selected a subvolume
in order to reduce the total computational cost of the project,
although initial conditions for the entire 450 cMpc/h volume can
be run in the future. The particular subvolume was chosen for
two reasons: minimal contamination from overlap, and coverage
of the well-studied zFIRE proto-cluster region.

Next, we converted this density field to a high-resolution
set of particles for the initialization of the AREPO simu-
lations. Conceptually, this was done by sampling the density
field supplemented by random small-scale fluctuations accord-
ing to the concordance cosmology model, then applying the
Zeldovich approximation to obtain the initial particle positions
and velocities. Practically, we created a custom version of the
MPI-distributed N-GenlC code (Springel et al. 2005). The mod-
ified version improves memory efficiency for noncubical simu-
lation volumes and allowed us to fix the large-scale density field
and add small-scale fluctuations according to the linear power
spectrum.

We started by creating an unperturbed particle distribution,
where the target volume is embedded into a larger periodic vol-
ume. The periodic volume is cubical with side length L with
L = 512 Mpc/h. The cubical volume is sampled with Ngase uni-
formly spaced particles on a Cartesian grid with Ngig = 128,
inside of which we embedded the 34x28x 118 cMpc?/h® subvol-
ume at our target resolution in the box center. Between the base
and target resolution, all intermediate mass resolution levels dif-
fer by a factor of eight in mass. We padded the target volume
with at least two boundary particles per intermediate resolution
level between target and base resolution.

We then upsample the previously reconstructed density field
using linear interpolation to a uniform grid with Ngig = 2 * Npage
elements in each dimension covering the periodic volume L3.
We compute the Fourier transform of this field to filter out
any unconstrained small-scale power above a cutoff frequency
keutof = 1 h/cMpc. Particle displacements and velocities are then
derived using the Zeldovich approximation (Zel’dovich 1970) at
the unperturbed particle positions. The displacements and veloc-
ity shifts are applied to all particles within the 128% cMpc3/h3
input data cube. As such, we also capture large-scale modes out-

2 Along the redshift direction, only the first 438 cMpc/h cover the con-
strained CLAMATO redshift range z = 2.05-2.55.
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Fig. 3. Power spectrum of the simulation volume at its initial condition
(z ~ 127). Blue shows the power of the constrained field (large scales)
in the 34 x 28 x 450 cMpc?/h? volume. Orange shows the theoretically
expected linear power. The shaded region shows the composite realiza-
tion for the cosmosTNG simulations: modes are from the constrained
field up to kewor = 1h/cMpc above which we randomly draw modes
according to linear theory.

side of the CLAMATO field as reconstructed by TARDIS. Par-
ticles outside of the loaded density field do not receive any dis-
placement or velocity.

Next, we added small-scale density fluctuations above the
cutoff frequency. A uniform complex grid representing the
Fourier transform of this density field was initialized to zero.
This grid has an extent of Dy, ., = (64, 64,256) cMpc/h covering
the target volume with a grid size of N, . = 2!*eeil(lomD:/8),
For all modes with k > keyof, Wwe drew random numbers from
a Gaussian distribution under Hermitian constraints to generate
the Fourier transform of a real Gaussian random field (Sirko
2005). Properly normalized, we multiplied this field with the
square root of the linear power spectrum to obtain a realization
for the small-scale fluctuations. The linear matter transfer func-
tion was computed using the CAMB code (Lewis et al. 2000)
assuming Planckl5 cosmological parameters (see Sect. 2.4).
Displacements and velocities were added for these particles at
the target resolution. To match the mass target resolution, we
used a sampling factor 0.5 < f < 1 (Aqmpling = A/f) and a
Cloud-in-Cell interpolator at the sampled positions.

The resulting initial condition at z = 127 contains total mat-
ter particles. Upon initialization of the simulation, each original
particle was split into a dark matter particle and gas cell and dis-
placed from one another by half the mean spacing, while con-
serving the center of mass of the pair.

Figure 3 shows the power spectrum within the cosmosTNG
simulation volume. The blue line shows the power spectrum
of the TARDIS reconstruction, while the CAMB-based lin-
ear expectation is shown in orange. The TARDIS reconstruc-
tion power drops off around the chosen cutoff frequency k£ ~
1 h/cMpc, reflecting the limited small-scale constraints as well as
the reconstruction grid resolution. The chosen cutoff frequency
coincides well with the constrained power dropping below the
linear expectation. The colored shaded areas reflect the regimes
within which we take the TARDIS reconstruction and random
realization respectively.

Using the previous output, we performed the evolution step
using the AREPO code. In the following, we show and discuss
a dark matter-only run of the full CLAMATO volume, before
introducing the TNG model (Sect. 2.2) for the hydrodynam-
ical runs. The dark matter-only evolution of the full CLAM-
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ATO volume using AREPO is shown in Fig. 4, where we
visualize the evolved initial conditions at redshift z ~ 2.3.
In the top panel, we show eight consecutive 4 cMpc/h thick
projections stepping through the right ascension direction. We
additionally show observed galaxies from the spectroscopic
DEIMOS (Hasinger et al. 2018), zZCOSMOS (Lilly et al. 2007)
and zFIRE (Nanayakkara et al. 2016) surveys. The cosmosTNG
simulation subvolume is shown as the rectangular region span-
ning from z ~ 2.06 to z ~ 2.19, containing the prominent zZFIRE
protocluster (Spitler et al. 2012; Nanayakkara et al. 2016). In the
bottom panel, we show five Az ~ 0.1 projections of the dark mat-
ter density field with redshift along the line-of-sight direction.
Orange rectangles show the nontrivial footprint of the zFIRE sur-
vey, the largest source of spectroscopic galaxies in this region.
We also mark photometric detections from the COSMOS2020
catalog (Weaver et al. 2022) as hexagons.

2.2. The TNG galaxy formation model

The TNG galaxy formation model is implemented within the
AREPO code (Springel 2010), which solves the coupled equa-
tions for self-gravity and ideal, continuum magnetohydrody-
namics (Pakmor et al. 2011). The physical domain is discretized
with a moving Voronoi tessellation, which allows for a quasi-
Lagrangian description of the gas dynamics. The TNG model
has been used in several large-volume projects across differ-
ent regimes and redshifts: the TNG100 and TNG300 simula-
tions of IllustrisTNG (Springel et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018b; Naiman etal. 2018; Marinacci et al.
2018), the TNGS0 volume (Pillepich et al. 2019; Nelson et al.
2019a), THESAN (Kannan et al. 2022; Garaldi et al. 2022;
Smith et al. 2022) MillenniumTNG (Pakmor et al. 2023), and
TNG-Cluster (Nelsonetal. 2024). We briefly summarize
the TNG model physics here (see Weinberger et al. 2017;
Pillepich et al. 2018a).

The TNG model includes the processes essential for
galaxy formation: primordial and metal-line cooling;
heating and ionization from an ultraviolet background
(UVB; Faucher-Giguere et al. (2009), FG11 version); star
formation above a density threshold (Springel & Hernquist
2003); stellar feedback driven galactic winds; stellar population
evolution and chemical enrichment from supernovae Ia, II, and
AGB stars (Pillepich et al. 2018a); and the seeding, merging,
accretion growth, and feedback of supermassive black holes
(SMBHs; Weinberger et al. 2017).

Stellar feedback combines (i) a treatment of small-scale pres-
sure arising from unresolved supernovae generating the hot-phase
of the ISM, together with (ii) adecoupled kinetic wind method that
produces galactic-scale outflows (Springel & Hernquist2003). At
injection, the wind velocity is set to be proportional to the local
dark matter velocity dispersion at a minimum of 350 km/s and
a mass loading of n = Myina/Msrr = 2(1 = Twind)ewind/V2;, 4
where Tying = 0.1 is the thermal energy fraction and eying 1S @
metallicity dependent modulation of the canonical energy avail-
able per SNII (see Pillepich et al. 2018a, for details). The result-
ing feedback-driven outflows collimate along the minor axes of
galaxies, with velocities and mass loadings that decrease with dis-
tance (Nelson et al. 2019a).

Supermassive black hole feedback follows the description
in Weinberger et al. (2017). The two-state model switches from
a kinetic to a thermal mode feedback for high accretion rates
relative to the Eddington limit. In addition, radiative feedback
is implemented in the form of photoheating and -ionization
from a local AGN ionization field impacting up to 3 times the
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Fig. 4. Visualization of the full constrained region evolved to z ~ 2 from which cosmosTNG is drawn. Top: Eight consecutive projections of
4 cMpc/h thick projection of the dark matter density field showing the redshift (resp. declination) on the x-axis (resp. y-axis). Bottom: Five
projections of the same dark matter density field as a function of right ascension and declination at increasing redshifts. The colored symbols
show observed galaxies from spectroscopic redshift surveys. In the orange rectangles we show the zFIRE survey footprint. In the lower panel we
additionally show photometric detections from the COSMOS2020 catalog as hexagons.

virial radius of the host halo (Vogelsberger et al. 2014). The
AGN luminosity is proportional to the accretion rate above
a target accretion threshold, modified by an obscuration fac-
tor (Hopkins et al. 2007). The radiation field is added under the
assumption of optically thin gas, scaling as 1/7* from its source,
and is subject to the same self-shielding description as for the
UV background.

2.3. The cosmosTNG suite

The numerical resolution of the cosmosTNG simulations are
given in Table 1. The primary runs have a dark matter mass res-
olution of mpy = 7.5 x 10° M, and a gas mass resolution of
Mgys ~ 1.4x10° My, in the high-resolution 34x28x 118 cMpc?/h?
subvolume. To study numerical convergence, we also run lower
resolution versions of every volume, labeled ‘-2’ (8 times lower
mass resolution) and ‘-3’ (64 times lower mass resolution).
These resolution levels are equal to those of TNG100, and
cosmosTNG-1 has the same resolution as TNG100-1. For each
run we save 34 snapshots down to redshift z = 2.

We run eight variations of cosmosTNG. Each has different
density fluctuations for the unconstrained, small-scale modes.
The variations are denoted by a letter from A to H, and each
letter represents a different random seed, used to initialize and
draw a pseudorandom number sequence used to set the ampli-
tudes and phases above the cutoff frequency keyor = 1h/cMpc
(see Fig. 3). These variations allow us to study the impact of
small-scale variations on the galaxy properties while keeping the
large-scale structure fixed. A summary of properties for the vari-
ations is shown in Table 2.

2.4. Conventions

We use ‘p’ and ‘c’ to explicitly note comoving or physical coor-
dinates across the paper. In the analysis, unless stated otherwise,
stellar masses and star formation rates are computed in an aper-
ture with 2 arcsecond diameter. Halo masses are taken as the total
mass of a Friends-of-Friends group enclosed in a sphere whose
mean density is 200 times the critical density of the universe at
the respective redshift. For calculating all statistics, we ignore
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Table 1. Comparison of cosmosTNG resolution levels.

Name Npm mpMm Mgas

cosmosTNG-1  ~1200° 7.5x10°M, 1.4 x10°M,
cosmosTNG-2  ~600°  6.0x 107M, 1.1 x 10" My
cosmosTNG-3  ~300° 4.8x 108M, 8.9 x 10" My
TNG100-1 1820° 75x10°M, 1.4 x 10°M,

Notes. We compare against the TNG100-1 simulation, which matches
cosmosTNG-1 mass resolutions. Npy is the number of dark matter par-
ticles, mpy the dark matter particle mass, and my, the average gas ele-
ment mass. cosmosTNG has a volume of 1.1 x 10° cMpc?/h® compared
to a ~4x larger volume of 4.2 x 103 cMpc?/h? in TNG100.

Table 2. cosmosTNG small-scale variation runs.

Suffix Nga SFRD,_, M7ZFIRE max
(M, > 108 M) [1072My/yr/cMpc’]  [10'3 Mg]

A 432 8.13 2.50

B 483 9.13 2.87

C 491 8.41 1.56

D 453 8.67 2.30

E 473 8.88 2.48

F 451 8.45 1.76

G 472 8.95 2.85

H 482 8.49 2.87
467 £ 19 8.64 +0.31 2.40 + 0.47

Notes. The shown properties from each volume highlight the diversity
that results from varying the small-scale (unconstrained) power. These
are the number of galaxies with stellar mass above 10% M, (Nga1), the
average instantaneous star formation rate density (SFRD), and the mass
of the most massive halo in the zoomed-in region (MzpRE max; UPper
right panel of Fig. 5). All simulations are run to z = 2, where these prop-
erties are measured. The last line shows the mean and standard deviation
of the variation runs.

the outer 2 cMpc/h of the target volume to mitigate numerical
effects in the proximity of low-resolution particles.

For TARDIS and AREPO, we assume a concordance flat
ACDM cosmology with Q4 ¢ = 0.6911, Q,,o = 0.3089, Q; =
0.0486, og = 0.8159, n, = 0.9667, and h = 0.6774, consistent
with Planck Collaboration I (2016). For mapping from comov-
ing Cartesian coordinates to celestial coordinates and redshift
we use a fixed relation y = 3874.867 cMpc/h and dy/dz =
871.627 cMpc/h at (z) = 2.30 for simplicity3.

3. Results

In Fig. 5 we show an overview plot of the simulated cosmosTNG
volume that displays several different physical properties. The
two panels at the top show the density-temperature map of a
zoomed-in region centered on the zFIRE protocluster region at
z = 2 in the right-ascension-declination plane. Blue (red) colors
indicate cold (hot) gas, while white (black) indicates high (low)
density. We see a web of filamentary structures at intermediate
temperatures, with hot gas present and abundant at its nodes. In
the two lower panels, we show the average dark matter and stel-
lar mass density in the redshift-declination plane.

3 This is a minor difference in the cosmology used for FlowPM and
AREPO compared to these conversion factors, in order to be consistent
with the CLAMATO data release.
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For qualitative comparison, red markers indicate observed
spectroscopic galaxies (top three panels). We generally see good
visual agreement between simulated overdensities and observed
galaxies on ~Mpc scales, near the constrained modes of the
initial conditions. Due to irregular survey footprints, the cor-
rectness of observed galaxy overdensities is hard to assess in
RA-Dec projections. For the redshift-declination projection
of the dark matter density however, we see good agreement
between observed and simulated structures as visually confirmed
by the arc-like structure of the protocluster region.

In Fig. 6 we show projections for the redshift-Dec plane for
the neutral hydrogen column density, gas temperature, and gas
metallicity. In the top panel, we also show simulated galaxies
and black holes with masses above 10'° M, and 10® My, respec-
tively. The cosmic web is clearly visible in the various pan-
els, and filamentary structures are particularly pronounced in
the neutral hydrogen density maps, covering a large dynamical
range: from <10 e¢m~2 in voids, to filaments often in excess of
10" cm~2 and reaching >10%° cm~2 in large overdensities. The
temperature map, as well as galaxy and black hole positions also
trace the large-scale structure, albeit more biased toward over-
dense nodes of the cosmic web, often exceeding 10%° K in the
proximity of massive galaxies. Heated regions near cosmic web
nodes are accompanied by metal-enriched gas (>107! Zy) up to
scales of multiple cMpc, indicating AGN-driven outflows out to
these scales and beyond.

3.1. Stellar mass function and stellar-to-halo-mass relation

We begin our quantitative analysis of cosmosTNG with integral
properties of the galaxy population. In the top panel of Fig. 7,
we show the galaxy stellar mass function (SMF) at redshifts
z ~ 2,4,6. We measure the stellar mass within a 2.0 arcsecond
diameter aperture, and including all subhalo stars. The bands
show the range of outcomes of the eight different variation
runs, and the red lines show the TNG100 result. Gray symbols
show observational data (Ilbert et al. 2013; Muzzin et al. 2013;
Davidzon et al. 2017; Leja et al. 2020; Weaver et al. 2023) for
z7~2.0-25.

When comparing to observations, here and through the
results section, we use various recent observational datasets to
give a sense of the variation due to different observational meth-
ods and target selection functions, allowing better face-value
comparisons against cosmosTNG and TNG100.

The TNG100-1 result is within 0.5 dex of the data at these
redshifts, always in the direction of having too many galaxies
at a given stellar mass. We stress that differences in methodol-
ogy and aperture corrections make quantitative comparisons to
data difficult (see also Pillepich et al. 2018b, for previous com-
parisons of the TNG100 and TNG300 SMFs with data). While
generally on the upper end, cosmosTNG and the TNG model
are broadly consistent with observational results from Leja et al.
(2020), who employ a continuity model accounting for the red-
shift evolution of the mass function within the fitting procedure.
The level of disagreement between the observational inferences
suggests that systematic uncertainties are similar to the level of
(dis)agreement seen between the observations and simulations.

Of primary interest, cosmosTNG is consistent with TNG100
only at stellar masses below 10'' My. At higher masses, cos-
mosTNG exceeds the number of galaxies compared to TNG100,
as well as general (i.e., non-COSMOS) field observations. At
this high-mass end, the galaxy count in cosmosTNG exceeds
that of TNG100 due to a shallower slope of the SMF. This
discrepancy is largest at high redshifts and decreases toward



Byrohl, C,, et al.: A&A, 698, A103 (2025)

10°

Fig. 5. Visual overview of the cosmosTNG-A simulation at z = 2. Top panel: Two 30 cMpc/h projections along the redshift direction with the
right ascension (declination) on the x-axis (y-axis). On the left, we show the CLAMATO footprint, and on the right a zoomed-in view of a highly
overdense region studied by the zFIRE survey. Both projections show a two-dimensional color map, where blue (red) indicates cold (hot) gas,
and white (black) indicates high (low) density. The red symbols in the upper panels show observed galaxies from various spectroscopic surveys.
Bottom panels: Dark matter and stellar density projections for a 10 cMpc/h thick slice through the simulation volume with the redshift (declination)
on the x-axis (y-axis). Visually, we find that observed galaxies spatially correlate with the simulated density field down to the reconstruction scale
of 1 cMpc/h. This correlation is particularly striking in the redshift direction within the zFIRE region, reproducing a characteristic arc shape of the

galaxy distribution.

z ~ 2. This behavior is consistent across all variation runs. Given
the identical galaxy formation model and resolution, the con-
strained initial conditions produce this difference. Specifically, a
higher abundance of high-mass galaxies is driven by an excess
of large-scale density fluctuations (see Fig. 3) at k < 1 cMpc/h.
In Fig. A.1 we show the halo mass function at z = 2, and its
evolution from the initial conditions. An excess abundance of
massive dark matter halos with respect to a random region of the
universe directly leads to the z ~ 2 excess in the high-mass end
of the SMF.

In the bottom panel of Fig. 7, we show the stellar mass to
halo mass relation M,—My,, at z = 2 for cosmosTNG and

TNG100. The relation follows a step power-law scaling up to
approximately My, = 10'> M, after which the relation sig-
nificantly flattens in line with the SMF drop off. While next
to identical at lower masses, there is a mild 0.1-0.2 dex higher
median relation for cosmosTNG compared to TNG100 above
Miato = 102 My, contributing to the massive galaxy overabun-
dance in the SMF.

3.2. Star formation rate history
In Fig. 8 we show the cosmic star formation rate density (SFRD)

as a function of redshift. The SFRD is calculated as the sum of
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Fig. 6. Projections of the neutral hydrogen column density (top), temperature (middle), and metallicity (bottom) along the RA direction through
the cosmosTNG-A simulation at z = 2 for a 10 cMpc/h depth with the redshift (declination) on the x-axis (y-axis). In the top panel, we also mark
simulated galaxies and black holes with masses above 10' Mg, and 108 My, respectively. Thin filaments of neutral hydrogen span the volume and
at its nodes, massive galaxies reside whose AGN heat and metal-enrich their surroundings. The white box in the top panel indicates the zZFIRE

cluster zoomed-in region shown in Fig. 5.

instantaneous star formation in each gas cell divided by the sim-
ulated volume at target resolution. The black dashed line shows
the mean of all 8 variation runs and individual colored lines show
the evolution for individual runs. The red line shows the same
line for the TNG100 simulation (see Shen et al. (2022) for dust
modeling and obscured star formation effects in the SFRD, and
Pillepich et al. (2018a) for the impact of physical model choices
on the SFRD, in the context of the TNG simulations).

The eight variation runs deviate by less than 20-30% from
one another, with relative differences being the largest around
z ~ 7. Strikingly, the cosmosTNG mean and all variation runs
are consistently higher than TNG100 at all redshifts. The rela-
tive difference between cosmosTNG and TNG100 peaks around
z ~ 4 with cosmosTNG having nearly twice as much star for-
mation taking place. Furthermore, cosmosTNG reaches its max-
imum SFRD earlier at z ~ 3.5 compared to z ~ 3 for TNG100.

Gray markers show observationally inferred SFRD values
(Madau & Dickinson 2014, and others, see the figure caption
for details). The SFRD inferred, particularly at cosmic noon
between z ~ 2-3, shows significant variation across obser-
vational studies. At face value, these are consistent with cos-
mosTNG down to its maximum at redshift z ~ 3.5. In con-
trast to the TNG model, many observationally inferred SFRDs
keep rising toward z ~ 2, leading to discrepancy of up to
roughly a factor of two depending on the dataset at this redshift
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(however, see Enia et al. 2022, for systematics and further dis-
cussion, including a relatively flat inferred SFRD from z ~ 2
toz ~ 3.5).

In Fig. 8 we also show how different halo masses contribute
to the global SFRD (following Genel et al. 2014, with Illustris).
We sum all star formation associated with subhalos in a given
stellar mass range, and plot the range of outcomes between dif-
ferent variation runs as shaded bands. Here, stellar masses are
computed summing over all stars belonging to a subhalo.

We find that galaxies with stellar masses from 10'° to
10" M, dominate between 2 < z < 7, even though contributions
for galaxies from 10° to 10'° M, have nearly equal weight. Inter-
estingly, the overall turnover at z ~ 3.5 does not occur for these
mass bins, but is instead driven by galaxies with lower as well
as higher mass. Star formation in halos between 108 to 10° Mg
and 10'° to 10" Mg, equally contribute roughly 10% each to the
overall budget at z ~ 3.5, where they both peak. However, lower
mass halos already contribute more substantially at higher red-
shifts. The SFRD of low-mass halos <108 My, peaks at z ~ 5,
and declines toward higher as well as lower redshift.

3.3. Galaxy size-mass relation

In Fig. 9 we show the size-mass relation for central galaxies in
cosmosTNG at z = 2. Orange contours show the distribution
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Fig. 7. Top: Galaxy stellar mass function from cosmosTNG at redshifts
z = 2,4,6. The semi-transparent bands span the outcomes of differ-
ent variation runs with the embedded line showing the mean. In red we
show the TNG100 simulation outcomes. We compare these simulations
to several observational datasets (Ilbert et al. 2013; Muzzin et al. 2013;
Davidzon et al. 2017; Leja et al. 2020; Weaver et al. 2023) at face value.
These observations span z ~ 2.0-2.5 and are shown with gray mark-
ers. In comparison to TNG100, cosmosTNG produces more high-mass
galaxies above 10'' Mg by up to 0.5 dex. This reflects the overabun-
dance of massive dark matter halos in this region (see text). Bottom:
Relation of stellar mass to halo mass for stellar masses within the pre-
vious aperture of all central galaxies and the mass of their hosting halo
at z = 2. The orange contours indicate the distribution of stellar masses
at fixed halo mass across all cosmosTNG variation runs, while the indi-
vidual points show galaxy outliers. The solid black (red) line shows the
median stellar mass for cosmosTNG (TNG100).

of galaxy sizes at fixed galaxy mass. Dots represent individual
galaxies that are outliers with respect to the main population.
Here we measure galaxy size as twice the stellar half mass
radius, and galaxy mass as the stellar mass contained within a
sphere of this size, in order to be self-consistent. The solid black
line shows the median relation, while colored dashed lines show
the z = 2 median for individual variation runs.

For low-mass galaxies, the distribution and median of galaxy
sizes is roughly constant with a median size of ~2.5 pkpc (reso-
lution convergence at the low-mass end and smaller galaxy sizes
in TNGS50 are discussed in Pillepich et al. 2019). At a stellar
mass of 10'%8 My, sizes start to increase rapidly, toward a power-
law slope of ~2/3. The turning point at 10.8 Mg, coincides well
with the turnover for the sSFR(M,) relation in Fig. 10.

Red points and the red line show quenched galaxies and
their median relation only, visible for M, > 10'0> M,,. We see
that quenched galaxies in cosmosTNG, as in observations, are
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Fig. 8. Cosmic star formation rate density (SFRD) in cosmosTNG
between z = 2—10. The colored lines show the individual realizations,
and the black line shows the average. In red we show the TNG100 sim-
ulation for comparison. Semi-transparent bands show the range con-
tributions of different stellar mass ranges to the overall SFRD budget
across different variation runs. The gray points indicate observational
data from various surveys (abbrv. R09, M11, C12, M13, G13, B15
for Reddy & Steidel 2009; Magnelli et al. 2011; Cucciati et al. 2012;
Magnelli et al. 2013; Gruppioni et al. 2013; Bouwens et al. 2015), with
some data from Madau & Dickinson (2014), Bouwens et al. (2015). We
compare this data to cosmosTNG at face value (i.e., without replicat-
ing the procedure for the observational inferences). The SFRD of cos-
mosTNG is overall higher, and peaks at earlier redshift, than the field
result of TNG100, suggesting that z ~ 2.1 galaxies within this region of
COSMOS have undergone a particularly active assembly history.

smaller than the overall sample by 0.2-0.4 dex, with the largest
difference at My ~ 10'%3 M, The difference vanishes toward
higher masses as quenched galaxies start to dominate the over-
all sample (see Genel et al. 2018, for a discussion on the broad
agreement of TNG galaxy sizes with data, as a function of red-
shift as well as split by star formation activity, representing an
important model validation outside of the scope of calibrated
observables).

The dashed (dotted) black lines show the median galaxy size
at higher redshift, z ~ 4 (z ~ 6). At earlier times, galaxies
at fixed mass are smaller, and there is a pronounced trend of
smaller size with increasing mass (see also Costantin et al. 2023;
Karmakar et al. 2023; Du et al. 2024).

We furthermore show observational data from van der Wel
et al. (2014) for various stellar mass bins, for the late-type
galaxy population (filled symbols), and early-type galaxies. Gray
lines show the linear scaling relations for quenched galaxies as
inferred from observations at z = 1.5-2.0 and z = 2.0-2.5
in Nedkova et al. (2021) and Ji et al. (2024) respectively. While
we generally find good agreement with van der Wel et al.
(2014), the largest discrepancy exists at stellar masses close
to the turning point of 10.8 M. The observations indicate a
more constant slope of size growth with mass across this range.
Finally, we see sizes at the high-mass end in good agreement
with Nedkova et al. (2021), while the near-infrared observations
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Fig. 9. Size—mass relation in cosmosTNG at z = 2, combining all cen-
tral galaxies regardless of type. The orange contours indicate the dis-
tribution of sizes at fixed stellar mass across all cosmosTNG variation
runs, while the individual black points show outliers. The black line
shows the median size at fixed stellar mass. The dashed (dotted) line
shows the median at redshift z = 4 (z = 6), while the colored dashed
lines show the individual variation runs. Finally, the red dots and the red
line show quenched galaxies only (see text). We define galaxy size as
twice the stellar half-mass radius, and here measure stellar masses sum-
ming all stellar populations within this radius. The observational data
span z = 2.0 to z = 2.5 (van der Wel et al. 2014), where open symbols
show early-type galaxies and filled symbols show late-type galaxies.
Additionally, we show the linear scaling relations for quenched galax-
ies derived from observations Nedkova et al. (2021) and Ji et al. (2024)
with gray lines. The observational data is compared as-is, without any
further observational mock post-processing of cosmosTNG.

from Ji et al. (2024) generally point toward substantially smaller
galaxy sizes and a shallower trend with mass.

3.4. Specific star formation rates, quenching, and gas budget

In Fig. 10 we show the star formation activity of galaxies in
terms of the specific star formation rate (sSFR; left panel) and
the quenched fraction (right panel) as a function of stellar mass
in cosmosTNG at z ~ 2. The sSFR and stellar masses are mea-
sured in a 2 arcsecond diameter aperture, and the sSFR is aver-
aged over the last 100 Myr prior to z = 2.

We determine the quenched fraction by counting those galax-
ies with a star formation rate that is 1dex below the main
sequence (SFMS). The simulated main sequence is determined
with an iterative scheme following Donnari et al. (2021), where
we compute the median star formation rate in stellar mass bins of
0.2 dex, excluding all galaxies 1 dex below this median value as
quenched. This procedure is then repeated until convergence. We
then take all nonquenched galaxies in the stellar mass range from
10° to 10'°2 Mo, fit a linear relation in the log M,— log SFR-
plane, and label all galaxies 1dex below this line as quenched.
For reference, the blue dashed line shows the SFMS, and the red
dashed line shows the threshold for quenched galaxies.

For the left panel of 10, we include central galaxies from all 8
variation runs. Red contours show the sSFR distribution at fixed
stellar mass, while black points show individual galaxies where
the sampling is sparse. We indicate the median sSFR relation for
cosmosTNG (TNG100) with a solid black (red) line. The median
lines for cosmosTNG and TNG100 closely align and follow the
SFR ridge seen in the contours.
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We overplot the SFR ridge from observational modeling
in Lejaetal. (2022) with the dashed gray line. Overall, it is
~0.2dex higher than the sSFR ridge in cosmosTNG. Inferred
observational values from Whitaker et al. (2014) are higher by
around 0.5 dex. Similar to the parametric drop of the SFR ridge
slope at 10196 M, in Leja et al. (2022), we find a decrease in cos-
mosTNG around 10'3 M, albeit with a substantially steeper
slope. The sSFR distribution becomes significantly broader for
these high-mass galaxies (see also Ilbert et al. 2015).

In the right panel, we show the quenched fraction of all
(central, satellite) galaxies in cosmosTNG at z ~ 2 as gray
solid (dash-dotted, dotted) line. The thin dashed lines show the
quenched fraction for the individual variation runs, and the solid
red line the quenched fraction in TNG100 (see Donnari et al.
2019; Guptaetal. 2021). We show observational measure-
ments for the quenched fraction (Sherman et al. 2020; Park et al.
2024). Sherman et al. (2020) compute the quenched fraction for
a sample of roughly ~30 000 massive galaxies, combining pho-
tometric data from DECam with other bands to perform spectral
energy distribution fitting in large area surveys covering a total
of 17.5deg?. Park et al. (2024) shows a recent JWST result of
quenched fractions using deep NIRSpec spectra from the Blue
Jay survey, overlapping in parts with cosmosTNG. Both obser-
vational datasets use the same quenched definition (1 dex below
the SFMS) as here. For the observed redshift range (2 < z < 2.5
for Sherman et al. 2020 and 1.7 < z < 3.5 for Park et al.
2024), there is a 20 percent point higher quenched fraction at
7 ~ 10'%7 M, in Park et al. (2024). Alternatively, the difference
can be interpreted as a ~0.25 dex shift toward lower stellar mass
bins at fixed quenched fraction. This highlights potential effects
from different target selections and available data for SED fit-
ting, while environmental effects might also be at play. 4 of the
16 quenched galaxies in Park et al. (2024) fall into the zFIRE
protocluster covered by cosmosTNG.

cosmosTNG is in good agreement with Sherman et al.
(2020), while results from Park et al. (2024) suggest an onset of
quenching at lower masses, more similar to that of the TNG100
simulation. We note that if the difference between Sherman et al.
(2020) and Park et al. (2024) is a true environmental effect, it
goes in the opposite direction as seen in our two simulations.

While the quenched fraction curves for both cosmosTNG
and TNG100 follow a very similar shape, there is a significant
offset between M, =~ 10'"9Mg, and M, =~ 10''> M. On one
hand, such galaxies in cosmosTNG reach the quenched frac-
tion found in TNG100 at a 0.4 dex higher stellar mass. Alterna-
tively, galaxies of a given stellar mass have a ~20 percent lower
quenched fraction. We investigate this compelling difference in
quenched fractions between cosmosTNG and TNG100 in the
discussion.

In Fig. 11 we show the gas fraction relative to the central
galaxy host halo mass (top) and galaxy stellar mass (bottom).
The stellar and gas masses are computed within twice the stel-
lar half-mass radius of the central galaxies. In the upper panel, we
see the median gas fraction Mg,s/Mpq, staying roughly constant
between 10! to 10'2> Mg, at ~1%, while there is a modest enhance-
ment around 10" My, and increased scatter toward lower stel-
lar masses. Above 10'?> M, the median quickly drops to <0.1% at
10" My, with the scattering widening again. The drop at 10'2 M,
coincides with the flattened M,—My,, relation (see Fig. 7), while
latter relation shows significantly less scatter beyond this mass
threshold. The lower panel shows the gas fraction in terms of the
stellar mass, showing a monotonously decreasing M,s/ M., drop-
ping below unity around 10'° Mg. At 10'%7 Mg, we see a substan-
tial drop similar to sSFR(M,,) in Fig. 10.



Byrohl, C,, et al.: A&A, 698, A103 (2025)

main sequence | “ | mmm= cosmosTNG
| ===- quenched thresh. | * | === TNG100

2
LU L S S B

—_—
10 10.5 11
log(M./Mg)

———— —
9 9.5 11.5 12

14

{ wmmm cOsSMOSTNG = TNG100

< 0.8

iel

©

S 0.6

= |

[0]

2 |

2 0.4

(0]

) ]

3 |

0.2+ 1
4 "t F 1.2
0_‘—,\&_-‘ H 2

_"‘T_“"'—F""'M|""|""|"

105 11
log (M./M¢)

11.5

Fig. 10. Star formation activity of galaxies. Left: Specific star formation rate (sSSFR) as a function of stellar mass for central galaxies in cosmosTNG
at z = 2. The annotations and markers are as in Fig. 7, bottom panel. Measurements are within 2 arcsecond diameter apertures and with a 100 Myr
averaged SFR. The gray markers show the inferred sSFR from observations in Whitaker et al. (2014). The dashed gray line shows the sSFR ridge
from observational modeling in Leja et al. (2022). Right: Quenched fraction as a function of stellar mass in cosmosTNG and TNG100 at z = 2.
The error bars show the observations from Sherman et al. (2020), Park et al. (2024) around cosmic noon. The observations are compared as-is (i.e.,
without reproducing the methodology used in the simulation). Quenched galaxies are defined as having a star formation rate at least 1 dex below
the main sequence (see text). The colored lines show the individual realizations, and the dark solid line shows the average for all galaxies. The
dashed (dotted) line shows the average for central (satellite) galaxies. A sizable population of quenched (central) galaxies with M, > 10'%5 My, is
already present by z = 2. We see a lower quenching for cosmosTNG galaxies compared to TNG100.

3.5. Galaxy number densities

In Fig. 12 we show the number density of galaxies as a function
of redshift. In the left (right) panel, we show the number density
for all (quenched) galaxies. Blue, orange, and green lines give
the result for three different lower galaxy stellar mass thresh-
olds of 10'%0, 109> and 10!"" M. Bands show the variation in
the number density across different variation runs. For compar-
ison, dashed lines show the number densities of galaxies from
TNG100.

In the left panel, at redshift z = 2, we find the number density
of massive galaxies >10'! M, in cosmosTNG to exceed those in
TNG100 by a factor of 2-3, consistent with the shape of the
SMF in Fig. 7. This difference disappears at lower mass thresh-
olds. In contrast, it is generally strong at all mass thresholds for
higher redshifts. For quenched galaxies (right panel), differences
between cosmosTNG and TNG100 are similarly pronounced for
M, > 10" M, for z = 2, and at all masses for z > 3.

The existence and abundance of massive galaxies at high red-
shift, particularly massive quiescent galaxies, has recently been
emphasized as a possible source of tension between observations
and models within COSMOS at z > 3 (Forrest et al. 2024a).
We therefore show several observational constraints with mark-
ers and their associated error bars. For the number density of
all galaxies, we integrate the parameterized double Schechter
fit from Weaver et al. (2023), and show a conservative upper
limit derived from the parameter errors of the Schechter fit. For
quenched galaxies, we directly take densities and their uncer-
tainties inferred from various observations (Merlin et al. 2019;
Carnall et al. 2020, 2023; Gould et al. 2023). The JWST NIR-
Cam observations presented in Carnall et al. (2023) within the
Extended Growth Strip (EGS) show a significant higher esti-
mate than previous observational studies for the number counts
of quenched galaxies at 3 < z < 4 and particularly 4 < z <
5. While Carnall et al. (2023) highlight that the high counts
arise from better constraints enabled by NIRCam data, fur-
ther spectroscopic follow-ups might be needed (also see, e.g.,
Forrest et al. 2024b).

We find the observationally inferred number density of
galaxies to be broadly consistent at z = 2 for massive galaxies
in TNG model simulations. At lower stellar mass thresholds and
higher redshifts, observations are systematically lower compared
to cosmosTNG and TNG100. That is, the simulations have more
than a sufficient number of massive galaxies at early times, possi-
bly even too many. For example, the number density of galaxies
10'%3 M, from van der Wel et al. (2014) at z ~ 4.5 is a factor of
~2 (~8) lower than TNG100 (cosmosTNG).

At the same time, the qualitative trend is the opposite for
the quenched galaxy population. At z ~ 2-3 the simulations
and observational inferences are broadly consistent. In contrast,
cosmosTNG and TNG100 yield systematically lower number
densities than observed for z > 3.5. However, at z > 4 in par-
ticular, the volumes of TNG100 and cosmosTNG are too small
to expect such systems (horizontal dashed black line). Number
densities derived from narrow redshift ranges in fields as small
as COSMOS clearly suffer from cosmic variance at the high-
mass end. However, the large number density of Carnall et al.
(2023) remains in tension with the TNG model and our defini-
tions: these results echo a debate that has become very urgent
and popular in the last years (e.g., Valentino et al. 2023). How-
ever, we have not here made any detailed mocking of the trac-
ers, definitions, or methods used to determine quiescence in data,
making this a face-value comparison.

3.6. Galaxy and black hole co-evolution

In Fig. 13 we study the co-evolution of galaxies with their super-
massive black holes. The top panel shows the M,—Mgy rela-
tion for galaxies and their black holes at z = 2 in cosmosTNG.
Contours and black points show the distribution of black hole
masses at fixed galaxy stellar mass, while the black dashed line
shows the median relation. Stellar masses are summed within
a 2.0 arcsec diameter aperture. We compare against two obser-
vational samples: the gray line shows the median relation with
its I — o band from Tanaka et al. (2025), while the gray markers

A103, page 11 of 20



Byrohl, C., et al.: A&A, 698, A103 (2025)

1 m— cOSMOSTNG
- m— TNG100
=
8 -3 3
—4|.---| ||| |'.'.'|"'
105 11 115 12 125 13 135 14
IOg(Mhalo/Mo)
1
—~ 0_
= )
= ]
g
~ _3] === cosmosTNG : RIS
] m— TNG100 AR
4T T T
9 9.5 10 10.5 11 11.5 12
log(M«/My)

Fig. 11. Gas fraction for all central galaxies relative to their host-
ing halo mass (top) and their stellar mass (bottom) in cosmosTNG at
z = 2. The annotations and markers are as in Fig. 7, bottom panel.
The gas and stellar mass are calculated within twice the stellar half-
mass radius. We see an increased drop and scatter for gas fractions
above My, 2 10'2M, and M, > 10'%3 My, in line with changes in
the M, (Mhy,,) and sSFR(M,) relations. Above these mass thresholds,
cosmosTNG galaxies show a higher gas fraction on average.

with error bars show individual observed high-z galaxies at z > 4
with JWST/NIRSpec from Harikane et al. (2023).

Recent observations of high redshift SMBHs have suggested
they may be ‘overmassive’ with respect to the z = 0 expectation,
given their host masses, constraining possibly seeding scenarios
(Maiolino et al. 2024; Bogdan et al. 2024). The lower panel of
Fig. 13 therefore quantifies the redshift evolution of the deviation
of black hole masses from the local M,—Mpgy relation, expressed
by the relative offset Alog (Mpy/Mo):

A 10g (MBH /MG) = 1Og(}WBH /MG) — ocal 10g (M* /MO) - ﬂ]ocal

We use the local relation based on Hiring & Rix
(2004) and Bennertetal. (2011) with ajocqg = 0.97 and
Bloca = —2.48 (Tanaka et al. 2025). We compute the deviation
Alog (Mg /My) for all galaxies with M, > 10''9M,, and show
the median relation as the green line. Shaded regions show
the range containing the central 68%, 95%, and all galaxies.
We find a positive median deviation, offset from the local
relation by ~0.5dex between z = 2.0-3.5, suggesting that
massive galaxies at this epoch indeed host overmassive SMBHs.
The median of the offset decreases toward higher redshift,
and drops below the local relation at z ~ 4.5. Observations
from Tanaka et al. (2025) at z ~ 2 are broadly consistent with
cosmosTNG. The observational sample from Sun et al. (2024)
indicates no significant redshift evolution between z ~ 2—4,
compatible with the simulation. In contrast, observations at
z > 4 from Harikane et al. (2023) indicate much larger, positive
deviations from the distribution in cosmosTNG. However, we
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find that this difference is driven largely by the (lower) stellar
masses of observed host galaxies. The blue line shows the
maximum Alog(Mpy/Mp) offset in cosmosTNG when we
adopt a lower galaxy mass cutoff of M, > 10%3Mg. In this
case, deviations of up to 2dex from the local median relation
exist across the entire redshift range. We conclude that systems
with mass ratios similar to the Harikane et al. (2023) sample
can be found in cosmosTNG, although they may represent
outliers to the general population. This suggests the need for a
more careful analysis of selection functions, in order to assess
whether observed black hole masses in galaxies at z ~ 4 are
compatible with cosmosTNG, and TNG model simulations in
general.

3.7. Run variations within protocluster regions

In Fig. 14 we focus in on one of the unique regions in the cos-
mosTNG volume, and its properties across our eight variation
runs: the zFIRE protocluster (z = 2.11). In particular, we show
projections of gas density and temperature in the RA—Dec plane.
The inset shows a zoomed-in image of the most massive halo in
the field.

From the density projection, we clearly see the similarities
of large-scale structure across the variations. This provides a
clear sanity check that the constrained modes of the initial con-
ditions are fixing the large-scale structure in cosmosTNG. Even
more striking, we can clearly identify the same massive halo
across all the runs. In fact, its spatial position varies by less
than 200 pkpc from the mean, indicating an excellent level of
coherency between the variation runs. Nevertheless, the halo
mass varies by ~50% across the 8 variation runs (Table 2), which
is a larger box-to-box variance compared with most of the other
statistics. However, this is unsurprising because this halo is the
most nonlinear object in the volume that renders its properties
difficult to reconstruct precisely. For less massive objects, the
level of persistence between variation runs further decreases,
although the overall orientation of the matter distribution with
the embedding cosmic web still agrees well. In the temperature
projection, we see a similar large-scale resemblance across varia-
tions. Here, the zoomed-in panels reveal large, megaparsec-sized
hot outflows arising from the AGN activity of the most mas-
sive halo (i.e., the protocluster BCG). However, there are siz-
able differences in the physical properties of this AGN-driven
outflow, including in its spatial extent. In subsequent work, we
will study whether these large-scale outflows can explain the
‘missing” COSTCO-I protocluster, which is detected through
its galaxy overdensity but not in its Lyman-a forest signature
(Dong et al. 2023, 2024; see also Lee et al. 2016).

To quantify the physical structure of the zFIRE protoclus-
ter region, Fig. 15 shows several radial profiles centered on the
most massive halo. On the left, we plot the galaxy number den-
sity profile (i.e., the number of satellite and nearby galaxies) as
well as three properties of those systems: sSFR, gas fraction fgqs,
and (g — r) color (intrinsic, dust-free). In all cases, as a function
of the three-dimensional distance to the most massive halo in
the zFIRE protocluster region. On the right, we show radial pro-
files of dark matter, gas and stellar density, as well as the neutral
hydrogen density, gas temperature, and gas-phase metallicity.

In the left panels of Fig. 15, only galaxies with stellar masses
above 10% Mg, are included. We find strong trends of their spe-
cific star formation rate and gas fraction as a function of dis-
tance from the protocluster center, clearly signaling the impact of
environmental effects, even beyond the virial radius of the cen-
tral protocluster halo (vertical dashed lines). Galaxies within this
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Fig. 12. Number density of all (i.e., central and satellite) galaxies as a function of redshifts above a given stellar mass threshold in cosmosTNG-1.
The shaded regions show the variation in number density across all random variations. The solid lines show the respective mean. Left: All galaxies
(observational data from Weaver et al. 2023). Right: Quenched galaxies (observational data for quenched galaxy densities from Merlin et al. 2019;
Carnall et al. 2020; Gould et al. 2023; Carnall et al. 2023). Observations are compared at face value without observational mock post processing
of cosmosTNG. The hatched region at the bottom shows the number density 1/Vgy, (i.e., one galaxy within the cosmosTNG simulation volume

Vsim)-

boundary are, on average, less star-forming, often quenched, and
significantly gas depleted. Although the median sSFR and fgs
decreases toward the protocluster center, we simultaneously find
an increased number of gas-rich and rapidly star-forming galax-
ies, typically with low masses 108—10° M. This overall change
in star formation is just weakly imprinted in the (g —r1) color with
an 0.1 mag increase from the overall median of (g—r) ~ 0.1 mag.
Such outliers may indicate peculiar environmental effects such
as the enhancement of SFR due to compression of the star-
forming interstellar medium (Vulcani et al. 2018; Goller et al.
2023). A detailed comparison of how galaxies evolve in the par-
ticular environments of the zFIRE and Hyperion protoclusters,
and how this evolution differs from typical environmental effects
at the same overdensity, will be explored in future work.

The right panels of Fig. 15 reveal that the large-scale mass
distribution of dark matter and gas is similar between the eight
variation runs, out to several Mpc. The stellar density field shows
the most variation, due to the varying positions of individual
high stellar mass systems. Variation in the neutral hydrogen
density, as well as gas temperature, reflect the strong impact
of baryonic feedback effects, including stellar and AGN-driven
outflows, as well as the impact of the AGN radiation field.
Of particular interest, these differences will be reflected in the
observables of Lyman-alpha, including halo-scale and cosmic
web-scale emission (Byrohl et al. 2021; Byrohl & Nelson 2023),
as well as absorption in the forest as used in the reconstruction
of the underlying density field for the constrained initial condi-
tions. Both topics, in the particular environments of the COS-
MOS field, will be the subject of future work.

3.8. Galaxy clustering

We close by extending our analysis beyond one-point statistics,
to better understand the spatial distribution of galaxies and their
clustering in cosmosTNG. Figure 16 shows the projected two-
point correlation function of w(r) for cosmosTNG and TNG100
at z ~ 2.73 for galaxies with stellar masses above 10'%9 My. We
compute the projected correlation function with a line-of-sight
integration limit of my,,x = 20 cMpc/h as

ﬂmz\x

wp(ry) =2 £ (rp. ) dr, (1)

using the Landy-Szalay estimator for the underlying correlation
function & (rp, 7r) (Landy & Szalay 1993).

There is a mild clustering excess in cosmosTNG compared
to TNG100, particularly at smaller scales. The clustering sig-
nal in cosmosTNG quickly drops off above r, > 3 cMpc/h due
to the limited plane of the sky extent of the simulated vol-
ume. For comparison, we show observations for the cluster-
ing of galaxies above the same mass threshold at (z) ~ 2.8
from Durkalec et al. (2018). Both TNG simulations are consis-
tent with the observed clustering signal. This improves over ear-
lier comparisons of cluster in COSMOS with theoretical models
(e.g., McCracken et al. 2007). Due to our limited redshift depth,
we cannot compare to projected clustering measurements based
on photometric redshifts. However, in addition to the prominent
zFIRE and Hyperion protocluster regions, clustering algorithms
have recently enabled robust catalogs of galaxy assemblies down
to the group mass scale, and out to z > 2 (Toni et al. 2024),
which we can use to further explore the impact of environment
and environmental effects on galaxy evolution in the COSMOS
field.

4. Discussion and future prospects
4.1. Constrained simulations at cosmic noon

Galaxy properties are shaped by their large-scale environment,
and interactions in dense environments are an important influ-
ence for the galaxy population. Constrained cosmological sim-
ulations are an important tool to understand and test our galaxy
formation models in this aspect. In the local universe at z ~ 0
they directly probe the assembly of observed clusters and their
galaxies. At high redshift, galaxies evolve even more rapidly,
and have more frequent interactions, and constrained simula-
tions similarly enable us to study the vigorous star formation
and merger activity at cosmic noon.

Constrained cosmological simulations are complementary to
conventional cosmological galaxy formation simulations using
random realizations for the initial conditions. First, they enable
a more meaningful and direct comparison with observational
surveys in the reconstructed volumes, given that the large-scale
structure matches, minimizing biases from cosmic variance.

A103, page 13 of 20



Byrohl, C., et al.: A&A, 698, A103 (2025)

10 —
] T24
9
"o
<
5 8-
> = et
o ] :‘.::.
&5 o 7 = .
’/ 3-‘;_;‘. e
o I e R = = cosmosTNG
LA BN LA B I AL L B L B B
9 9.5 10 10.5 11 11.5 12
log (M../Mo)

=M, >10""%M, (median) --M, > 1085M, (max)

- 2 S I

S Bego 4 TTRge- -

I ‘. .

o 7

g 0‘_;‘ .................................... edann s P —— e s -

S To4 TH23 »S24

s ]
ol e

> 25 3 35 4 45 5
Z

Fig. 13. Relation between supermassive black hole mass and galaxy
stellar mass, and its evolution with time. Top: Mpy—M., relation at
z = 2 in cosmosTNG. The gray line shows the linear relation and the
1 — o scatter from Tanaka et al. (2025). The annotations and mark-
ers are as in Fig. 7, bottom panel. Bottom: Evolution of the offset
from the local Mpy—M, relation as described in Tanaka et al. (2025)
based on Héring & Rix (2004), Bennert et al. (2011) for the local rela-
tion. The points with error bars show the high-redshift observations
from Harikane et al. (2023) and Tanaka et al. (2025). The gray trian-
gles show the observations from Sun et al. (2024). All observations
are compared as-is (i.e., without corrections for the respective obser-
vational methodology used when compared to cosmosTNG). The green
line shows the median relation in cosmosTNG for host galaxies with
M, > 10" M. The shaded regions show the central 68%, 95%, and all
percentiles respectively. The blue dashed line shows host galaxies with
M, > 103> M. The observed galaxies with high black holes masses
are rare but possible in cosmosTNG across z = 2-5.

Second, constrained simulations allow us to investigate the
biases and nonlinear relations between different observed trac-
ers. Specifically, we have knowledge of both the diffuse gas
distribution (Lya forest) and bright star-forming galaxies (via
photometric and spectroscopic surveys) in the COSMOS field.
As a result, we can assess how well the constrained simulation
agrees with different observed tracers.

The resulting (dis)agreement reflects how well a given field,
observable, or galaxy population traces the underlying matter
density field (e.g., Momose et al. 2024). Simultaneously, it pro-
vides a somewhat new vantage point onto the evaluation of the
fidelity of the underlying galaxy formation model. These two
effects are partially degenerate, but one could vary the informa-
tion (i.e., tracer(s) used during the reconstruction procedure) in
order to differentiate their relative roles. Such an approach may
be particularly insightful at high redshifts, contrasting absorption
from HI in the Ly« forest versus galaxy population observations,
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where the relationship and connections between the two may be
nontrivial.

Constrained simulations at the epoch of z ~ 2 cosmic
noon provide further practical advantages: notably, the availabil-
ity of Lyman-alpha forest tomography for mapping the diffuse
gas large-scale structure (Lee et al. 2014b). Computationally, the
compute time requirement is also only 20% of an analogous
simulation run all the way to z = 0. In the present work, this
has enabled us to run the eight variations of the same volume,
in order to better marginalize over unconstrained small-scale
structure.

4.2. Uniqueness of the cosmosTNG target region

CLAMATO and the cosmosTNG volume target an overdense
region, as indicated by the excess of massive halos in the HMF
(see Fig. A.1). Part of this can already be seen in the initial
conditions (Fig. 3) showing an excess in power on constrained
large spatial scales between k = 0.2 and 1 h/cMpc. This excess
could be partly physical, related to the specific constrained field,
and partly related to the TARDIS pipeline (see, e.g., Fig. 4 in
Horowitz et al. 2021).

To better understand the region, we quantify the unique-
ness of the cosmosTNG subvolume in terms of the number
density of massive halos with M, > 10> M,. We compare
the mean value of different realizations to the probability den-
sity function inferred from the much larger, dark matter-only
cosmological simulation Millennium (Springel et al. 2005). The
result is shown in Fig. 17. This probability distribution is com-
puted by randomly sampling subvolumes of Millennium (box-
size 500 cMpc?/h®) with the cosmosTNG geometry and comput-
ing the number of massive halos each contains (blue distribu-
tion). As we have selected the cosmosTNG subvolume given the
presence of the zFIRE protocluster, we also repeat this proce-
dure under the constraint of one such massive halo is present
at the same relative position as in cosmosTNG (orange distribu-
tion). This is done by first selecting massive halos in Millennium
and centering the masking volume by the offset between zFIRE
and the cosmosTNG subvolume center.

We find standard deviations of o = 1.9 (¢ = 1.4) for
the cosmosTNG subvolume when compared against a random
(targeted) realization, demonstrating that the cosmosTNG vol-
ume is a considerably overdense environment. Such an envi-
ronment is not present in conventional cosmological simulations
using random realizations at the resolution studied here, includ-
ing TNG100. We note that the standard deviation is approximate
given the differing cosmologies of cosmosTNG and Millennium.

4.3. Galaxy evolution modulated by large-scale structure

Using the TNG galaxy model and comparing to a fiducial real-
ization in TNG100, we find significant changes in many sum-
mary statistics presented in Sect. 3. These include: an early peak-
ing of the cosmic star formation rate density, an enhancement
in the stellar mass function at the high-mass end, a stellar-mass
shift of the quenched fraction, and a mild clustering excess.
These findings are qualitatively consistent with the pres-
ence of more pronounced large-scale overdensities (Sect. 4.2),
most prominently the zFIRE galaxy protocluster at z ~ 2.1.
In particular, observations suggest that large-scale overdensi-
ties modulate the normalization of the stellar mass function, and
in doing so over-proportionally enhance the number density of
massive galaxies (Daikuhara et al. 2024; Forrest et al. 2024a).
Curiously, we also find a shift of the quenched fraction as a
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Fig. 14. Gas density and temperature projection at z = 2 for the same comoving protocluster region across all eight variation runs in the RA-Dec
plane with a projection depth of 30 cMpc/h. In the zoomed-in image in the inset, we center on the most massive halo in the proto-cluster region
with a projection depth of 3 cMpc/h. The red circles indicate the halo center, and the gray crosses the mean position across variation runs. Top: Gas
Density. Bottom: Temperature. We find similar density and temperature fields on the largest spatial scales. While the most massive halo appears
nearly unchanged across variations, other halos seem to change substantially.

function of stellar mass toward higher galaxy masses, corre-
sponding to a mildly lower quenched fraction at fixed mass
(Fig. 10) when compared to the TNG100 simulation. This is
one of the most striking differences in cosmosTNG with respect

to other TNG model simulations. It suggests that the particu-
lar large-scale environment of the COSMOS field has a strong
and observable impact on the history and/or frequency of galaxy
quenching.
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Fig. 15. Radial profiles of galaxies, galaxy properties, and physical properties of the underlying dark matter, gas, and stars, centered on the most
massive halo in the zFIRE protocluster region. Left: Median distribution of the number of surrounding galaxies, plus their sSFR, gas fraction, and
(g — r) color, including galaxies with M, > 10% M. The virial radii of the main zFIRE halo are indicated by the vertical dashed lines. Right, top
panel: Radial density profiles for dark matter, gas, and stars. Right, bottom three panels: Neutral hydrogen density, temperature, and metallicity
radial profiles. Each colored line shows another variation run, while the black line shows their median.

r [arcsec]
1 10 100
10000 — = :
@ Di8 _— cosmosTNG
[ —=- TNG100
__ 1000 I
< I
o I
s
O, 100
g 10 \f i
— M,>10""M, I
1 U | T T T
0.1 1 10

rp [cMpc/h]

Fig. 16. Projected two-point correlation function for galaxies with stel-
lar masses above 100 M, at z = 2.73 in cosmosTNG and TNG100.
We show observational data with the same mass cut for (z) = 2.8

from Durkalec et al. (2018).
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Fig. 17. Assessment of the rarity of the cosmosTNG volume.
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Millennium-I simulation, and measure the number density of halos
with M, > 10" M,. The probability density for many random sub-
volumes (blue) is contrasted against the same, but for volumes with a
M, > 10'3 M, halo at the relative position of the zZFIRE cluster within
cosmosTNG (orange). The vertical red lines show the number density
measured within the cosmosTNG variation runs, and the dashed line

shows their mean.
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In order to better understand the robustness and consistency
of such differences, we ran eight variations of the same simu-
lation volume. All have the large-scale density field fixed by
the TARDIS constraints, but randomly inject power for & >
1 h/cMpc where observational constraints are missing. Overall,
we find only limited variance in outcomes caused by the random
modes for various galaxy summary statistics such as the SMF,
the SFRD, and the clustering signal. Only at high masses do sig-
nificant variations start to appear due to low number statistics of
the underlying massive halos and their more nonlinear nature.
Variation-to-variation differences are smaller than the difference
of cosmosTNG to TNG100. This suggests that the large-scale
density field (i.e., modes at k > 1h/cMpc) have a strong and
overwhelming impact on galaxy population statistics and scal-
ing relations at this level.

On the scale of individual protocluster regions (Sect. 3.7),
however, substantial variations arise. While the density profiles
are similar, protohalo masses (Table 2) and their temperature and
metallicity profiles (Fig. 14) often vary by a factor of 2 or more.
This indicates the lack of small-scale power constraints as well
as constraints on the formation history of these regions.

The TARDIS pipeline imposes no strong cosmological con-
straints on the field reconstruction, even though its forward
model evolves the fields at fixed cosmology (Horowitz et al.
2021, 2022). The resulting power excess on large scales (Fig. 3)
might in parts indicate the uniqueness of the simulated COS-
MOS subvolume as an overdense field, as well as an underesti-
mated bias of the hydrogen Lyman-a optical depth. Furthermore,
the TARDIS pipeline itself has shown to introduce excess power
on intermediate constrained scales (see Horowitz et al. 2021).
This potential uniqueness moreover implies that caution should
be exercised when interpreting the observed 2 < z < 2.5 galaxy
properties from surveys that have significant overlap with the
CLAMATO field (Fig. 1), such as COSMOS-Web (Casey et al.
2023). There are also possible ramifications toward cosmologi-
cal surveys due to the heavy dependence on the COSMOS field
for calibrating photometric redshifts (e.g., Masters et al. 2017);
further analysis might be required on the full ~1 deg> COSMOS
field to check whether overdensities might be biasing these cali-
brations.

4.4. Reconstruction methods and future directions

The initial conditions, particularly Fourier modes on resolved,
reconstructed scales k < 1 h/Mpc, can strongly affect the observed
properties of frequently studied massive galaxies. We now discuss
shortcomings and future directions for the reconstruction pipeline
and use in cosmological galaxy formation simulations.

The cosmosTNG simulations are run as a downstream step
following reconstruction using the TARDIS inference scheme
applied on joint Lyman-« forest and galaxy redshift data sets.
Ultimately, we would want to integrate galaxy formation simu-
lations within the reconstruction pipeline. This would enable an
‘end-to-end’ forward model, at the level of galaxy observables,
or even at the field level. However, key challenges exist in this
regard. First, the current likelihood maximization method makes
use of the differentiability of its forward model. Despite recent
progress (Li et al. 2024), this remains out-of-reach for complex
galaxy formation simulation models such as TNG. Furthermore,
the computational costs would certainly be prohibitive, without
model surrogate or emulation techniques. In the interim, future
work can aim to increase consistency between the expensive
downstream galaxy formation simulations and the cheap recon-
struction forward model.

A major improvement to the reconstruction scheme will stem
from an improved treatment and coupling of the two comple-
mentary tracers used in this study, namely diffuse gas traced by
the Ly« forest and bright star-forming galaxy populations. Both
are subject to different biases and modeling uncertainties. In the
TARDIS-based reconstruction applied here, bright galaxies from
the zZCOSMOS survey and Ly« absorption from the CLAMATO
survey were used simultaneously, even though the former gener-
ally influences only the overall amplitude of the reconstruction
and not the detailed filamentary structure (Horowitz et al. 2021).

As such, we are particularly susceptible to systematics in
the mapping of observed Lya forest to the underlying den-
sity field. In the reconstruction, the TARDIS scheme assumes
the FGPA, which becomes increasingly inconsistent with the
hydrodynamical result at redshift z ~ 2 (Kooistra et al. 2022).
Recent observations indicate that in some cases galaxies and
Lya forest do not just not trace each other, but are even anti-
correlated. For example, Dong et al. (2023) found that some Ly«
forest reconstructed underdensities host overdensities in galax-
ies, while Newman et al. (2022) found environments with the
opposite relation, where overdense neutral hydrogen regions are
underdense in galaxies.

Future explorations with cosmosTNG will revisit the Lya
forest in cosmosTNG, studying its deviations from the FGPA
and potential protocluster heating around massive objects, to be
parameterized in the forward model (Horowitz et al. 2021). As
we have shown, when we can faithfully map the Ly« forest to the
underlying matter field, the large-scale overdensities encoded in
the initial conditions lead to the spatially coherent emergence of
massive protocluster regions below the reconstruction scale (see
Fig. 14). This might indicate an underrepresented relative weight
of massive galaxies in the reconstruction pipeline.

Current and upcoming data from surveys such as
JWST PRIMER, COSMOS-Web, Blue Jay, and COSMOS-
3D (Dunlop et al. 2021; Casey etal. 2023; Belli et al. 2024;
Kakiichi et al. 2024) in the field will not only allow a better
comparison with simulation outcomes, but will add a substan-
tial constraint above the current cutoff scale of k > 1h/cMpc.
For example, the protohalo studied in Sect. 3.7 is currently only
covered by a few zCOSMOS galaxies. Hence, much of the infor-
mation provided by the distribution of shown zFIRE galaxies is
currently missing, which can be included along with other sur-
vey data in future reconstructions. The reconstruction can fur-
ther benefit from additional tracers (i.e., orthogonal probes) other
than Ly« forest and galaxies, such as the cosmic web Ly« emis-
sion (Bacon et al. 2021; Byrohl & Nelson 2023; Martin et al.
2023).

We have also only simulated a partial region of the recon-
structed CLAMATO field (Fig. 4) in this work. Extensions of
cosmosTNG toward other parts of the field, for example the large
cosmic void at z = 2.35 (Krolewski et al. (2018); see top panels
of Fig. 4) could reveal interesting astrophysics.

5. Conclusions

In this introductory paper we presented the new cosmosTNG
simulation suite. This is a set of cosmological galaxy forma-
tion simulations run with the IllustrisSTNG model and with con-
strained initial conditions inferred from the galaxy and gas dis-
tribution within the COSMOS field, evolved to cosmic noon
at z = 2. We compared our results to the TNG100 simulation
with conventional random initial conditions, and to observations
across a variety of galaxy properties, including star formation
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rates, quenching, supermassive black hole masses, environmen-
tal effects, and clustering.
Our main findings are the following:

— The reconstructed initial conditions, evolved with the TNG
galaxy formation model, give broadly consistent results
with the TNG100 cosmological galaxy formation simula-
tion. Simultaneously, the distribution of simulated galaxies
at z ~ 2 is roughly and qualitatively consistent with the
observed (a, 9, z) distribution of galaxies from spectroscopic
surveys.

— At the high-mass end, cosmosTNG shows key differences
with respect to a random realization. Most notably, it has
an enhanced number of halos and galaxies (i.e., a greater
number of high stellar mass galaxies than expected, ~2x for
M, > 10" M), qualitatively consistent with excess power
in the constrained volume. These systems have an overall
increased star formation activity and a lower quenched frac-
tion in comparison to TNG100 (Aq frac. ~ 20% at M, =
10" Mo).

— The abundance of massive galaxies at 2 < z < 5 is in
reasonable agreement with observational inferences. The
abundance of massive quiescent galaxies is low, potentially
lower than observations suggest, although the volume of cos-
mosTNG is too limited to draw stronger conclusions.

— cosmosTNG shows an intriguing signal in the relationship
between supermassive black hole (SMBH) and galaxy stel-
lar mass, as suggested by recent JWST observations. In par-
ticular, with respect to the local z = 0 relation, cosmosTNG
galaxies host overmassive black holes, by ~0.5dex at 2
z < 4. While this average difference largely vanishes at z > 4,
we show that lower mass galaxies with M, ~ 10° M, can
have SMBHs overmassive by up to 2dex up to z = 5.

— The properties of galaxies and of the underlying dark mat-
ter, gas, and stellar matter fields around the zFIRE protoclus-
ter hint toward unique imprints of environmental effects on
galaxy evolution in this region, while showing a qualitatively
consistent large-scale structure on the reconstruction scale
(k = 1h/cMpc).

Our results show notable differences for galaxy properties at
the high-mass end >10'' Mg, demonstrating the need for cau-
tion for assessing the simulation’s realism or their astrophysical
and cosmological implications when contrasted with observed
high-redshift survey volumes. Future analyses will focus on fur-
ther comparing the observed properties of galaxies specifically
within the COSMOS region to simulated outcomes, enabling a
new theoretical vantage point on galaxy formation and environ-
mental effects on galaxy evolution at cosmic noon.

Data availability

The cosmosTNG simulations will be made publicly available
and accessible at www. tng-project.org/data (Nelson et al.
2019b) in the near future. Data directly related to this publica-
tion is available on request from the corresponding author.
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Appendix A: Resolution convergence
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Fig. A.1. Resolution convergence for cosmosTNG. Left: Halo mass function (HMF) for three different resolutions. The dashed lines show the
corresponding TNG100 resolution run. Right: Stellar mass function for three different resolutions and gray markers for observational data. The
HMF converges down to a characteristic turnover at the low-mass end below 1083 Mg, for cosmosTNG-1. The cosmosTNG HMF matches well
with its respective TNG100 pendant except for M.;. > 10'* M, where we find an excess of massive halos in cosmosTNG. The stellar mass function
generally appears to retain shape at increased resolution, but systematically increasing by up to 0.2 dex per resolution level at fixed stellar mass.

In Fig. A.1 we show the resolution convergence of cosmosTNG in the halo and stellar mass function. Resolution levels are
indicated by the suffix number as defined in Table 1. For the halo mass function, we find good convergence for masses down to
a resolution-dependent turnover at the low-mass end, which lies below 1033 Mg, for cosmosTNG-1, and proportionally larger by
a factor of 8 according to the mass resolution for low-resolution runs. In contrast, the stellar mass function shows a systematic
increase in the number of galaxies at fixed stellar mass with increasing resolution, with a difference of up to 0.2 dex per resolution
level, in agreement with previous findings for the employed star formation model (Springel & Hernquist 2003) in cosmological
volumes (Genel et al. 2014).
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