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Abstract. High-redshift galaxy clustering provides a powerful probe of the growth of struc-
ture, testing models of dark matter, dark energy, and galaxy formation during the epoch
when the universe was rapidly evolving. Emission line galaxies (ELGs) and quasars (QSOs)
are utilized as tracers of dark matter by the Dark Energy Spectroscopic Instrument (DESI)
to probe this redshift regime. We present results from ELG and QSO mock catalogs created
from the Uchuu N -body simulation, tuned to DESI Data Release 2 (DR2) clustering in
the range 3 to 70 h−1Mpc. Employing a modified subhalo abundance matching (SHAM)
technique, we populate Uchuu haloes and subhaloes with QSOs between 0.8 < z < 2.1. For
ELGs, we modify this method to only select satellite galaxies with low relative velocities to
their associated central haloes. We populate a separate set of Uchuu (sub)halos with ELGs
between 0.8 < z < 1.6. In this paper, we reproduce the redshift evolution of number density
and the clustering statistics, across scales ranging from 1 h−1Mpc to 100 h−1Mpc. We also
measure the large-scale clustering bias of both data and mock samples in the range 10 to 80
h−1Mpc. These results improve simulated lightcone construction from cosmological models
and enhance our understanding of the galaxy-halo connection.
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1 Motivation

The original discovery of dark energy was made through observations of type Ia supernovae
(SNe Ia), used as standardizable candles [1, 2], and has since been significantly extended
with newer datasets [e.g. 3–7]. Cosmic expansion has also been studied through CMB data,
notably from the Planck satellite [8]. However, a strong discrepancy - currently exceeding
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a 4σ significance, has emerged between the local measurement of the Hubble constant (H0)
from SNe Ia and the value inferred from the CMB [9–11]. This Hubble tension continues to
prompt investigations into possible systematic effects or indications of new physics [see 12,
and references therein]. Understanding whether dark energy is a cosmological constant or a
manifestation of new physics remains a central challenge in modern cosmology. Alternative
methods to measuring cosmic expansion over the widest possible redshift range are critical
to understanding the CMB-SNe discrepancy in Hubble Constant measurements, and are also
key to commenting on the nature of dark energy.

The large-scale structure (LSS) of the universe offers a powerful probe of cosmic expan-
sion, studied through galaxy clustering measured in large redshift surveys. These structures
arise from primordial fluctuations in the early universe, with baryon acoustic oscillations
(BAO) imprinting a characteristic scale in the matter distribution. This BAO scale, set at
the epoch of recombination, serves as a cosmic standard ruler, allowing precise measure-
ments of the universe’s expansion history. We also use redshift-space distortions (RSD) by
quantifying anisotropies in the galaxy power spectrum induced by line-of-sight peculiar ve-
locities. Modeling these anisotropies yields measurements of the growth rate of structure,
typically expressed as fσ8(z), which constrains the expansion history through its dependence
on the cosmological model. Combining BAO & RSD, LSS observations critically complement
other cosmological probes such as type Ia supernovae and the cosmic microwave background
(CMB), helping constrain cosmological models and the nature of dark energy. Large-scale
structure galaxy surveys, such as the Sloan Digital Sky Survey (SDSS; [13]), the Dark Energy
Spectroscopic Instrument (DESI; [14, 15]), and future facilities including Euclid [16] and the
Nancy Grace Roman Space Telescope [17], can provide precise measurements of galaxy clus-
tering and redshift-space distortions. These are powerful enough to map millions of galaxies
over thousands of square degrees, reaching to redshifts well beyond z = 2. These gains in
volume and sampling have driven BAO, RSD, and lensing measurements to unprecedented
precision, enabling sharper tests of dark energy and gravity[18–21].

DESI marks a major advancement in spectroscopic galaxy surveys, delivering unprece-
dented volumes of data on more than 50 Million galaxies and quasars. Realistic mock catalogs
that emulate DESI’s selection functions and statistical characteristics are vital for unlocking
its full scientific potential. They enable the testing of cosmological pipelines, assessment of
systematic uncertainties, optimization of measurement methods, and validation of theoretical
predictions.

1.1 Modeling the Galaxy-Halo Connection

Over the past couple of decades, the growing need for realistic and comprehensive mock cat-
alogs has been driven by the advent of major galaxy redshift surveys. These early surveys
uncovered the filamentary nature of the universe [22, 23] - the cosmic web - comprising inter-
connected galaxies, clusters, and voids. Modeling this complex structure requires accounting
for the interplay of gravitational, hydrodynamical, and astrophysical processes, which has
presented substantial theoretical and computational challenges. Baryonic physics is substan-
tially more computationally complex than gravitational dark matter dynamics, as it requires
modeling nonlinear gas hydrodynamics, radiative cooling, star formation, and feedback pro-
cesses across a wide range of spatial and temporal scales. As a result, hydrodynamical
simulations are limited in volume and resolution, making them impractical for the large sur-
vey volumes required by modern cosmological analyses. To meet the precision and volume
demands of large-scale structure studies, gravity-only N-body simulations have therefore been
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developed and widely employed. Notable examples such as the Millennium simulation [24],
the MultiDark simulations [25] and the AbacusSummit simulations [26] have played a cen-
tral role in predicting dark matter clustering and providing the foundation for galaxy-halo
connection models used in spectroscopic surveys. When combined with galaxy-halo connec-
tion models like the Halo Occupation Distribution (HOD) and Subhalo Abundance Matching
(SHAM), these simulations allow for the generation of lightcones that reproduce observed
galaxy properties including luminosity, stellar mass, and clustering.

The Halo Occupation Distribution (HOD) framework statistically models the proba-
bility that a dark matter halo of a given mass hosts a specified number of galaxies, sepa-
rating contributions from central and satellite populations [27, 28]. While HOD models are
computationally efficient and widely used, Subhalo Abundance Matching (SHAM) directly
associates galaxies with resolved dark matter subhalos based on rank-ordered properties,
preserving spatial and kinematic information and therefore often providing a more accurate
description of small-scale clustering and redshift-space distortions [e.g. 29–33]. SHAM is a
robust approach that links galaxy properties (e.g., stellar mass, luminosity) to dark matter
halo properties (e.g., peak circular velocity, Vmax) with minimal assumptions about galaxy
formation. Unlike HOD models, SHAM assigns galaxies directly to individual halos, natu-
rally incorporating environmental effects. This makes it particularly effective for generating
realistic mocks that are well-suited for analyses such as weak gravitational lensing, peculiar
velocity studies, and cosmological inference from next-generation surveys.

In cosmological simulations, lightcones are constructed to mimic the past light path of
photons reaching the observer. Unlike snapshots at fixed redshift, lightcones combine outputs
from multiple epochs to create continuous, observer-centered catalogs in angular and redshift
space. They capture cosmic evolution, encode survey geometry and selection functions, and
enable direct comparison with observations. In this work, we leverage simulated lightcones
- among the most powerful tools in modern cosmology, particularly for probing the large-
scale structure of the universe. These simulations provide crucial insights into the physics
governing galaxy and matter evolution, enabling us to test theoretical models, interpret
cosmological measurements, and refine observational strategies [33–38].

In this study, our simulation strategy combines large-volume cosmological simulations
with flexible empirical models for galaxy - halo connections. We use the Uchuu simulation
[39] for its high resolution and volume, enabling modeling of both small-scale halo physics and
large-scale clustering across DESI’s redshift range. We create mock simulations to reproduce
the clustering statistics observed in DESI DR1 and DR2 for ELGs and QSOs. Galaxies are
assigned to halos using SHAM, which links halo properties to galaxy observables to reproduce
number densities and clustering. This approach is designed to produce realistic, high - fidelity
mocks that evolve consistently with cosmic time while remaining computationally efficient.
As such, they serve as a critical bridge between theory and observation in the pursuit of a
deeper understanding of our universe.

In Section 2 we describe the DESI data samples which we are modeling in these mocks.
In Section 3 we describe the high-resolution Uchuu N -body simulation that was used to
create our simulated lightcones. An overview of the SHAM method adopted to populate
ELGs and QSOs into the Uchuu halo catalogs to build lightcones for each of the DESI
tracers is provided in Section 4. In Section 5 we describe how we fit the modified SHAM
mocks to the DESI data. In Section 6 we show results from the best-fit modified SHAMmocks
including two point correlation functions, power spectra, halo occupation distributions, and
galaxy bias. Finally in Section 7 we discuss the implications of this analysis including the
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utility of these mocks in covariance matrices for future DESI analyses.

2 DESI DR1 & DR2 data

The DESI Survey aims to create the most precise measurements of the cosmic expansion
history by using more than 50 million galaxy spectra to map the matter distribution from
the local universe up to a redshift of z = 3.5 ([40]). We conduct this survey on the 4m Mayall
Telescope at Kitt Peak National Observatory in Arizona. The DESI instrument [41] captures
spectra from up to 5,000 targets simultaneously using robotic that direct optical fibers to
the target coordinates [42–44]. Those fibers are then fed into ten three-arm spectrographs
covering a wavelength range of 3600-9800 Å.
Observations are conducted on sky “tiles” ( 8 square degrees each), with targets assigned to
fibers based on priority [45]. DESI operates distinct observing programs during “bright” and
“dark” time, optimizing telescope use by observing brighter objects in its Milky Way Survey
(MWS) and Bright Galaxy Survey (BGS) during moonlit conditions and fainter, high-redshift
targets (e.g., LRGs, QSOs, ELGs) in darker conditions [46–49]. A “backup” program runs
during poor weather.
Here we discuss the data taken from the first two DESI main survey data releases. DESI
Data Release 1 (DR1) includes observations from the first year of DESI’s main survey on
the Mayall Telescope at Kitt Peak, Arizona (May 14, 2021 - June 13, 2022) [50]. DESI Data
Release 2 (DR2) uses galaxy catalogs from the first three years of DESI operations (May 14,
2021 - April 2024), which includes DR1 [51, 52]. We present results from both data samples
to go with the published DR1 dataset, and the unpublished DR2 data to support the DR2
cosmology analyses using our resulting reference mocks.

During DR1, 2,744 dark-time and 2,775 bright-time tiles were observed. Data were
initially processed for quality checks by the DESI spectroscopic pipeline [53] and later refined
(“Iron” processing) to produce the DR1 redshift catalogs used in this study. On the other
hand, DESI DR2 contains 6,671 tiles observed during “dark” time and 5,171 tiles observed
during ”bright” time, representing 2.4 and 2.3 times the number of tiles released in DR1,
respectively.

2.1 ELG and QSO samples from DR1 and DR2

For the observational data, we use the DESI DR2 LSS catalogs [54] corresponding to the
LOA v2 sample. Table 1 presents the basic properties of the ELG and QSO samples used
in this study, including redshift ranges, sky area, total weighted galaxy count, and effective
volume. The effective area is computed by generating a large number of random points
(Nrandom ∼ 107) and determining how many lie within the DR1 or DR2 dark footprint for
ELGs and QSOs. The effective area, A, is then calculated based on this information. A is
defined as:

A =
Ninside

Nrandom
Afull−sky (2.1)

where Afull−sky is the area of the whole sky in square degrees (4π × 180
π

2 ∼ 41253 deg2) . V
is defined as:

V =
4π

3

Ninside

Nrandom
(r3max − r3min) (2.2)
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DESI Sample Redshift range zmed A N 102 × V
(deg2) (h−3Gpc3)

DR1 ELG 0.8 < z < 1.6 1.16 5914 2432022 3.65

DR2 ELG 0.8 < z < 1.6 1.16 10352 6534844 9.81

DR1 QSO 0.8 < z < 2.1 1.50 7249 856652 3.14

DR2 QSO 0.8 < z < 2.1 1.50 11181 1461588 5.36

Table 1. Summary statistics for DESI DR1 and DR2 samples used - the redshift interval, median
redshift (zmed), effective area of the sky footprint weighted by completeness (Aeff), number of galaxies
(N), and effective volume (Veff).

Here, rmin and rmax are the comoving distances corresponding to the redshift limits of
each tracer. For the redshift to comving distances transformation, the Uchuu simulation
uses the flat ΛCDM with Planck15 parameters: h = 0.6774, Ωm = 0.3089, Ωb = 0.0486,
ns = 0.9667, ΩΛ = 0.6911, and σ8 = 0.8159.

3 The Uchuu simulation

To model the clustering signal observed in DESI data within a flat ΛCDM cosmology based on
Planck parameters, we employed theUchuu N -body simulation [39]. TheUchuu simulation
was executed using the TreePM code GreeM [55, 56]. It models a box of comoving length
2 h−1Gpc per side, containing 12, 8003 dark matter particles. This setup achieves a mass
resolution of 3.27×108 h−1M⊙. Gravitational softening length, a chosen fraction of the inter-
particle separation, is set at 4.27 h−1kpc. Initial conditions were generated using second-order
Lagrangian Perturbation Theory (2LPT) at redshift zinit = 127, and the simulation followed
the evolution of cosmic structures down to z = 0 in the Planck-15 flat ΛCDM framework.

A total of 50 snapshots spanning z = 14 to z = 0 were saved. Dark matter haloes and
subhaloes were identified using the Rockstar phase-space halo finder [57], and their merger
histories were reconstructed using a parallel implementation of the ConsistentTrees algo-
rithm [58]. Further technical details about the performance of the simulation can be found
in Ishiyama et al 2021 [39]. All Uchuu data products are publicly accessible via the Skies
& Universes platform.1.

For each halo and subhalo, we determined the peak circular velocity, Vpeak - defined as
the highest value of Vmax = max(

√
GM(r)/r) measured across all 50 redshift outputs. This

Vpeak metric forms the basis for the SHAM implementation, serving as a proxy for galaxy
luminosity or stellar mass in assigning galaxies and quasars to simulated halos. Of the three
dark time tracers in DESI (LRGs, ELGs, and QSOs), LRGs are the only ones which are
believed to be complete in halo mass occupation [59], so they are the only tracers which can
use a traditional abundance matching technique. ELGs and QSOs are not complete in any
known parameter space ([60, 61]), so the traditional SHAM method must be modified. We
describe the modified SHAMtechniques used in this analysis in Section 4.

In this work, we adopt the peak maximum circular velocity Vpeak as a proxy for (sub)halo
mass. Vpeak has been extensively used as a halo mass proxy in numerous abundance matching
studies to accurately reproduce the properties of observed galaxies in large-scale surveys
[33, 62–67].

1https://www.skiesanduniverses.org/Simulations/Uchuu/
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z range N V nELG
g Vmean fsat bELG bUchuu

Gpc3 · h−3 Gpc−3 · h3 km · s−1

0.8–1.6 15094649 20.28 5.5× 10−4 206.6±1.5 0.318±0.007 1.325±0.002 1.296±0.002
0.8–1.1 6271380 6.41 7.2× 10−4 193.8±2.4 0.357±0.090 1.177±0.003 1.126±0.003
1.1–1.3 4088265 5.18 5.9× 10−4 207.5±2.7 0.309±0.080 1.312±0.004 1.302±0.004
1.3–1.6 4735004 8.69 4.1× 10−4 220.7±2.7 0.288±0.090 1.494±0.003 1.500±0.002

Table 2. Best-fit modified SHAM parameters for the ELGs for each redshift bin and for the entire
mock. Columns provided in order: Redshift range of different ELG samples, number of galaxies,
effective volume (in h−3Gpc3) and galaxy number density (in h3Mpc−3). The last two columns show
the bias calculated from the data and the mocks respectively (bELG and bUchuu). The errors reported
for the data are statistical.

z range N V nQSO
g Vmean fsat bQSO bUchuu

Gpc3 · h−3 Gpc−3 · h3 km · s−1

0.8–2.1 1944628 36.15 3.55× 10−5 313±14 0.137±0.021 2.215±0.003 2.175±0.006
0.8–1.1 321006 6.38 3.32× 10−5 309±10 0.095±0.053 1.683±0.011 1.638±0.011
1.1–1.4 465794 7.97 3.85× 10−5 311±16 0.128±0.047 1.915±0.008 1.932±0.006
1.4–1.7 530389 8.98 3.90× 10−5 313±14 0.140±0.046 2.363±0.006 2.292±0.008
1.7–2.1 627439 12.81 3.23× 10−5 315±18 0.208±0.054 2.763±0.005 2.699±0.010

Table 3. Same as Table 2 but for QSOs. The last two columns show the bias calculated from the
data and the mocks respectively (bQSO and bUchuu).

The resulting Uchuu halo catalogs enable us to populate mock galaxy catalogs. We do
this using a Subhalo Abundance Matching (SHAM) technique and DESI Survey data. The
resulting mock lightcones effectively reproduce the observed number densities and clustering
patterns of each DESI tracer. A detailed account of the lightcone construction process is
provided in our paper using the One percent Survey data [37]. In Section 6, we compare the
clustering predictions from the mocks with the measurements from the DESI DR1 and DR2,
allowing us to study the halo occupation distribution and large-scale bias of ELGs and QSOs.
We applied the aforementioned steps to the ELG and QSO tracers to create their respective
full-sky lightcones. The lightcones were then cut to match the northern and southern areas
of the DESI data.

Figure 1 shows a comparison between the comoving number density of the DESI data
(points) and the mean comoving number density of the Uchuu DR2 mock lightcones (solid
lines). We show agreement with the data n(z) as expected since we use the data n(z) to
generate the mocks.

4 Modified (Sub)halo Abundance Matching (SHAM)

We employ a modified Subhalo Abundance Matching (SHAM) framework to model the halo
occupation and clustering of DESI ELGs and QSOs. Our approach is based on the method
previously applied to the BigMultiDark Planck simulations [68] to construct eBOSS [69]
QSO lightcones (see Sections 3.1 and 3.2 of [61]). This method adapts traditional abun-
dance matching techniques for use with incomplete tracers like ELGs and QSOs. A similar
strategy has also been used for modeling [OII] emitters [70], where incompleteness of tracer
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0.8 1.0 1.2 1.4 1.6 1.8 2.0
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n
[h

/M
pc
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Y3 Uchuu-ELG
Y3 Uchuu-QSO
Y3 ELG
Y3 QSO

Figure 1. The comoving number density of the ELG and QSO samples (points) and the corresponding
Uchuu-DESI mock lighcones (solid line) over the entire redshift range 0.8 < z < 2.1.

populations in baryonic properties such as luminosity and stellar mass is explicitly accounted
for.

Our implementation of this model begins by constructing Gaussians to serve as the
final Vpeak distributions for the (sub)haloes that will host ELGs or QSOs. These Gaussian
distributions are defined by two free parameters each: their means (Vmean,c/s) and their
standard deviations (σV,c/s) - where c refers to Central galaxies, and s refers to Satellite
galaxies respectively. The fraction of each tracer type that are located in satellites (fsat) serves
as an additional free parameter that controls the relative normalization of the Gaussians for
the centrals and satellites. To further simplify the model, we fix the means and standard
deviations of the central and satellite galaxy Vpeak distributions to be the same values (Vmean

and σV), reducing the number of free parameters from 5 to 3. This makes the final Vpeak

distribution of ELGs or QSOs:

ϕELG/QSO(Vpeak) = Gs(Vpeak;Vmean, σV )

+ Gc(Vpeak;Vmean, σV ).
(4.1)

We normalize the Gaussian distributions to the number density observed in each redshift
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bin (dz = 0.02) of the DESI data (ρ(z)) and the comoving volume (VC(z)) from the Uchuu
fiducial cosmology as shown in equation 4.2 below:

∫ ∞

0
Gs(Vpeak, zcent;Vmean, σV )dVpeak = (Vc(zmax)− Vc(zmin)) ∗ ρ(zcent) ∗ fsat∫ ∞

0
Gc(Vpeak, zcent;Vmean, σV )dVpeak = (Vc(zmax)− Vc(zmin)) ∗ ρ(zcent) ∗ (1− fsat)

(4.2)

where zmin and zmax are the edges of the redshift bin centered at zcent.
Finally, we use these Gaussians to determine the probability for each (sub)halo within a

lightcone of Uchuu halos (see §4.3 for Lightcone construction method) to be selected to host
an ELG or QSO. This is done within redshift bins (with edges zmin and zmax) and Vpeak bins
(with edges Vlower and Vupper) as shown in equation 4.3 below:

Pc/s(Vlower < Vpeak < Vupper; zmin < z < zmax) =

∫ Vupper

Vlower
Gc/s(Vpeak, z)dVpeak

Σzmax
zmin Σ

Vmax
Vmin

Nc/s

(4.3)

This method, using a Monte Carlo rejection sampling, enables a more flexible and accurate
reproduction of the observed ELG and QSO populations, especially where the traditional
SHAM framework is limited by assumptions of completeness.

4.1 QSO Lightcone

We generate a grid of full sky QSO lightcone mocks in this parameter space, compute the
monopole of the two-point correlation function (2PCF) for each of these mocks, and compute
a χ2 statistic for each 2PCF monopole with respect to that of the DESI data, in the separation
range ∼ 3 h−1Mpc to ∼ 70 h−1Mpc, using the square root of the diagonal of the (N = 128)
jackknife covariance matrix of the data 2PCF as the uncertainty. The grid of parameters
spans a range of Vmean of 270 - 390 km/s sampled every 15 km/s, a range of fsat from 0% to
40% sampled every 2.5%, and a single σV value of 30 km/s. We only sample a single σV value
as in [61] due to the relatively small impact of σV on the mock clustering within the fit range
relative to the other parameters as shown in Figure 17. The best fit mock parameters were
determined by first finding the minimum χ2 value over the grid of parameters and then fitting
a 2 dimensional paraboloid to the χ2 values vs. Vmean and fsat. The best fit Vmean and fsat
parameters are listed in Table 3, used to generate our Uchuu lightcones for QSO. We work
with the (sub)halo catalogues from Uchuu boxes at five different redshifts, namely z = 0.86,
1.03, 1.32, 1.65, and 1.9 - and create shells to cover the redshift range of the QSO sample (0.8
to 2.1). Estimates of quasar redshift have large uncertainties [71] of a few hundred km s−1

due to the broadness of the emission lines and the intrinsic shifts from other emission lines
[72]. Hence we introduce Gaussian redshift errors such that

zfinal = z + G(0, σ). (4.4)

Here, zfinal is the final redshift distribution for the mock quasar catalogs, and G(0, σ) is the
Gaussian random error added to the initial redshift distribution z. Although the dispersion
σ was set as a constant 500 km/s for the One-Percent sample over all redshifts, for DR1 and
DR2, we follow the results from Figure 8 in the DESI Mg II Absorber analysis [73].
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4.2 ELG Lightcone

Emission line galaxies present a unique opportunity in our data sample because their high
number density permits an examination of the clustering at small scales. Conversely, the
physics of star formation means that we may have a strongly biased sample of galaxies
making into the ELG target selection used in the DESI survey. In particular, we have reason
to anticipate that those satellites that are fast moving in their dark matter haloes will tend
strongly to not exhibit strong star formation when they are close to their central galaxies.
The ram pressure from the denser local environment will strip out gas in the satellite and
quench star formation [74]. We will not observe these galaxies as ELGs and they should
be omitted from the sample. We therefore modify our ELG modeling to better account for
this by introducing two new parameters. Vmax/Vpeak is designed to require satellites have
maintained their velocity over their development. More importantly, we consider that both
the central peak circular velocity, and the relative velocity of the satellite with respect to this
central should be low, to reduce stripping. This will be explored further in future analyses
[75]. We implement this selection as

(i) Vmax/Vpeak > 0.9, (to avoid major mergers).

(ii) V Central
peak < 300km/s, & (Vxyz,pec. − V Central

xyz,pec.) < 300km/s (Slow-moving Satellite selec-
tion).

From Uchuu , we select halos based on the above thresholds. Then we follow the same
procedure as the QSO lightcone selection described in 4.1. The grid of parameters spans a
range of Vmean of 180 - 250 km/s sampled every 5 km/s, a range of fsat from 0% to 45%
sampled every 2.5%. As with the QSO light cone fitting, we only sample a single σV value of
30 km/s. The best-fit Vmean and fsat parameters used to generate our ELG mock are listed
in the first row of Table 2. The subsequent rows show the best fit parameters for each box
used in the construction of the mocks fit separately. We apply the modified SHAM method
to the (sub)halo catalogues from Uchuu boxes at redshifts 0.94, 1.22 and 1.43 to cover the
interval 0.8 < z < 1.6.

4.3 Construction of Lightcones

After starting with the relevant snapshots from Uchuu boxes , we generate the Uchuu-DESI
lightcones for ELGs and QSOs using the method described in Smith et al [76]. This involves
replicating the cubic Uchuu boxes to cover the required volume and subsequently cutting
them in redshift space to produce spherical shells. To build lightcones, we center boxes on the
observer and replicate them in a volume that allows extraction of a spherical shell of a given
redshift and thickness. Cartesian (x,y,z) coordinates are converted to (RA, DEC, Redshift
z) incorporating the effects of peculiar velocities, including line-of-sight effects like Fingers-
of-God. The replications are periodic and created to guarantee we fill the spherical shell
centered on specific Uchuu snapshot redshifts. These shells are then merged to construct the
full lightcone corresponding to the DESI survey volume. Building the lightcone is done in a
way that ensures the correct number density of galaxies/quasars and prevents discontinuities
at the interfaces between shells.

To match the observed ∆z in each redshift bin, we select only the required number of
galaxies to ensure the resulting n(z) aligns with the observed distribution in all redshift bins.
The bin width is set to ∆z = 0.01 for both ELGs and QSOs.
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Figure 2. A slice of the universe mapped by Uchuu DR2 drawn from a small wedge of the DESI
footprint between 5 degrees in declination out to z = 2. We render emission line galaxies (ELG), and
QSOs using blue and green points, respectively. The shade of the colour maps to declination (lighter
colours correspond to higher declination).
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ELG lightcones spanning 0.8 < z < 1.6 were produced using the following Uchuu
boxes: z = 0.94 (0.8 < z < 1.1), 1.22 (1.1 < z < 1.3), and 1.43 (1.3 < z < 1.6). QSO
lightcones spanning 0.8 < z < 2.1 were produced using the following Uchuu boxes: z = 0.86
(0.8 < z < 0.9), 1.03 (0.9 < z < 1.2), 1.32 (1.2 < z < 1.5), 1.65 (1.5 < z < 1.8) and 1.90
(1.8 < z < 2.1). Although not our primary goal, we also attempt to construct a higher
redshift extension to this lightcone, using z = 2.3 (2.1 < z < 2.8) and 3.31 (2.8 < z < 3.5)
- by extending the best-fit model. For both tracers, We follow it up by applying the DESI
DR2 footprint mask on the full catalog.

Figure 2 presents a visual representation of all four DESI tracers (including the BGS
and LRG [77]) within a slice of an Uchuu-DESI lightcone.

5 Best-fit parameter estimation

Once we obtain the lightcones, we then compute the 2PCF and compare them with the DESI
data. We construct a grid of full-sky ELG and QSO lightcone mock catalogs across a defined
parameter space. For each mock, we compute the monopole of the two-point correlation
function (2PCF). To evaluate how well each mock reproduces the clustering observed in the
DESI data, we calculate a χ2 statistic by comparing the mock 2PCF monopole to that of
the data over the separation range of 3h−1Mpc to 70h−1Mpc. The uncertainties in this
comparison are estimated using the square root of the diagonal elements of the (N = 128)
jackknife covariance matrix derived from the data.

To determine the best-fit model parameters, we we first examine the variation in χ2

for each parameter (Vmean, σv, fsat)) keeping the other two fixed. We then construct the
2-D distribution of Vmean vs. fsat and fit the χ2 to a paraboloid using MINUIT [78, 79]
to obtain the optimal point after excluding values more than 30 from the lowest χ2 value
where the parabolic approximation no longer applies. We then refine this estimate by fitting
a parabola to the one-dimensional slice of this χ2 distribution. We do this independently for
each parameter (Vmean, fsat). The optimal values of Vmean and fsat are taken as the vertices
of these fitted parabolas and their uncertainties are taken as the change in each value from
the minimum to increase the χ2 by 1 as calculated by MINUIT. An example is shown in the
Appendix C.

From the best-fit values obtained in each redshift bin (see Tables 2 and 3), we identify
a clear redshift dependence in the SHAM parameters. In particular, the satellite fraction
fsat exhibits redshift evolution for QSOs, while the mean velocity parameter Vmean shows
redshift dependence for ELGs, as illustrated in Figure 3. This behavior enables a stable
and physically motivated parameterization of the model, in which the redshift dependence is
captured explicitly rather than treated independently in each bin. Consequently, instead of
fitting three independent parameters in each of four redshift bins (a total of 12 free param-
eters), the QSO model can be effectively described by a reduced parameter set: a redshift-
dependent fsat(z), along with redshift-independent Vmean and σv. This reduction represents
a substantial improvement over earlier implementations of this method, both in efficiency
and interpretability.

6 Results

In this section, we compare the DESI ELG and QSO clustering signal with that predicted by
the Planck cosmology using our Uchuu DR1 and DR2 mock lightcones, as described in the
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Figure 3. Modelling the QSOs (left panel) and the ELGs (right panel) as a function of redshift. The
QSOs seem to have a linearly increasing trend in satellite fraction fsat with redshift, and a fixed Vmean

of 313 km/s. We also predict the mock behaviour at higher redshifts using this trend. Although it
was not included in the fitting range, we also produce a higher redshift extension to the QSO mock
in the 2.1 < z < 3.5 regime. This is described by a function: f(z) = 11.72z − 3.01 . On the other
hand, the ELGs do not show variation with fsat (fixed at 31 %), but do show an increasing Vmean

with redshift, described by: f(z) = 73.64z2− 132.38z+259.37. We chose to proceed with a quadratic
interpolation rather than a linear fit for the ELG Vmean values because the parameters obtained from
fitting to a straight line produced lower clustering for the first redshift bin.

previous section. We explore the dependence of the galaxy clustering on redshift for ELGs
and QSOs, and estimate the halo occupancy and large-scale bias for both targets.

6.1 Clustering statistics: DESI vs. Uchuu

6.1.1 Redshift Space Two-Point Correlation Function

We use the Landy-Szalay [80] estimator to measure the two-dimensional correlation function,
ξ(s, µ),in bins of s and µ,

ξ(s, µ) =
DD(s, µ)− 2DR(s, µ) +RR(s, µ)

RR(s, µ)
(6.1)

where the normalized pair counts in the correlation function estimate consist of DD, rep-
resenting the counts of data galaxies with other data galaxies, DR indicates counts of data
galaxies with random points, and RR are the counts of random points with other random
points. s represents the separation between a pair of objects in units of h−1Mpc, and µ is
the cosine of the angle between the pair separation vector and the line-of-sight. We used
logarithmically spaced bins of separation and linearly spaced bins in µ between -1 and 1.
We used 49 separation bins between 0.01 and 100 h−1Mpc and 201 µ bins. The random
catalogs for the mock samples were generated by uniformly populating the survey footprint
and redshift range, following the same angular and radial selection functions as the data.

We decompose ξ(s, µ) into Legendre polynomials,

ξℓ(s) =
2ℓ+ 1

2

∫ 1

−1
ξ(s, µ)Pℓ(µ)dµ. (6.2)
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Figure 4. Measurements of the monopole of the redshift-space correlation function for 0.8 < z < 1.6
(ELGs) and 0.8 < z < 2.1 (QSOs). The points with error bars represent the measurements from the
DESI DR2. The results show agreement between theory and observation within the fit range for the
modified SHAM models (from 3h−1Mpc to 70h−1Mpc).

We measure the monopole and quadrupole (ℓ = 0, 2), which are the first non-zero Legendre
multipoles of the redshift-space two-point correlation function. To account for the selection
function, we generate uniform random samples that are 20 times larger than the survey
data and use them to estimate the data-random and random-random pair counts for each
tracer. We estimate the two-point correlation functions using the Python package pycorr2

(a modified version of Corrfunc [81]).

The data sample is corrected for incompleteness (e.g. due to fiber collision effects and
a finite number of tilings) using the Pairwise Inverse Probability (PIP) weights developed
by Bianchi and Percival 2017 [82] combined with the angular upweighting method developed
by Percival and Bianchi 2017 [83]. Both of these weights are determined using a set of 128
alternate realizations of DESI fiber assignment known as Alternate Merged Target Ledgers
(AMTLs)[84]. The combination of PIP weighting and angular upweighting was chosen since
it has been shown to produce a practically unbiased estimator of the true two point clustering
statistics even when pairs of galaxies in the parent catalog are never observed in any of the
AMTL realizations (i.e. zero probability pairs).

Additionally, the data and mock TPCFs are weighted by FKP weights [85] to account
for variable galaxy number density with redshift and to minimize variance. FKP weights are
defined as

wFKP =
1

1 + P0n(z)
, (6.3)

where n(z) is the weighted number density, and P0 is the power spectrum value at a scale of
k = 0.15 hMpc−1 where we desire to minimize the variance. We adopt P0 = 4000 h−3Mpc3

for ELG, and P0 = 6000 h−3Mpc3 for QSO [86].

Figures 4, 5 & 6 present the measurements of the redshift-space correlation function.
The monopole, ξ0(s), and quadrupole, ξ2(s), are shown for different redshift intervals indi-
cated in the legends. The points with errors indicate the DESI clustering measurements, and
the solid curves represent the theoretical predictions based on Planck cosmology, determined
from the Uchuu DR2 lightcones, in the redshift intervals indicated in the figure caption, see
also Table 1. Overall, the data is consistent with theoretical predictions.

2https://github.com/cosmodesi/pycorr
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Figure 5. Measurements of the monopole of the redshift-space correlation function for 0.8 < z < 1.6
(ELGs) and 0.8 < z < 2.1 (QSOs), showing the BAO peak around 100h−1Mpc. The points with error
bars represent the measurements from the DESI DR1. The results show agreement between theory
and observation.
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Figure 6. Measurements of the quadrupole of the redshift-space correlation function for 0.8 < z < 1.6
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1.6. The Vmean(z) model is able to account for redshift evolution reasonably.
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Figure 9. Projected correlation functions for ELG across the same bins as in Figure 8.

For the QSO sample, once we account for the redshift errors, we find good agreement of
both the monopole and the quadrupole within the fit region (3 h−1Mpc < s < 70 h−1Mpc).

6.1.2 Clustering dependence on redshift

The correlation functions of the ELGs, split into narrower redshift bins, are shown in Figure 8
and Figure 9. The apparent visual agreement of the ELG monopole is better in all panels
of Figure 8 compared to Figure 4, due to the reduced separation range appropriate to the
binned data.

For QSOs, Figures 10, 11 and 12 show the correlation function in redshift bins. We find good
agreement between Uchuu and the DESI DR2 data in the respective bins.

6.1.3 Redshift Space Power spectrum

We also measure the power spectrum monopole, P0(k), and quadrupole, P2(k), with the
Python package pypower3 which is based on the estimator from [87]. Similarly as for the
correlation function measurements, incompleteness weights are applied to the survey data,
and for both the survey data and Uchuu lightcones, FKP weights calculated from n(z)
and the same fiducial power P0 as above are also applied to each tracer. To minimise the
amount of aliasing from discrete Fourier sampling, we have used the piecewise cubic spline
(PCS) mesh assignment scheme with a grid number Ngrid = 1024 in each dimension with
interlacing [88]. For each of the two tracers, Figure 13 shows the power spectrum multipoles
over the wavenumber range k ∈ [0.005, 0.405] hMpc−1 in 20 uniform bins.

3https://github.com/cosmodesi/pypower/
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Figure 10. QSO clustering across different redshift bins: 0.8 < z < 1.1, 1.1 < z < 1.4, 1.4 < z < 1.7,
and 1.7 < z < 2.1. The fsat(z) model is able to account for redshift evolution reasonably.

Figure 11. QSO clustering across higher redshift bins - 2.1 < z < 2.8 and 2.8 < z < 3.5, where we
simply extended our best-fit model from 0.8 < z < 2.1.
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Figure 12. Projected Correlation functions for QSO across same redshift bins as in Figure 10.
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Figure 13. Power spectrum monopole measurements, for ELGs (left panel) and QSOs (right panel).
The dotted lines represent Y3 data, and the dashed lines are the measurements on the Uchuu mocks.
Since we do not fit to the power spectrum, there are subtle deviations at high k (in ELGs), yet the
model recovers reasonable clustering at most scales.
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The power spectrum measurements performed here are similar to the BOSS and eBOSS
power spectra [89–92], where the local plane-parallel approximation is adopted to account
for a varying line of sight [93, 94]. The local line of sight is chosen to be the end-point vector
to one of the galaxies in a pair, which enables fast, FFT-based evaluations to be carried
out [95]. A minor difference here is that the normalization factor is computed directly from
the mesh field instead of relying on the angularly uniform quantity, n(z); by using both the
data and random mesh fields sampled with cell size 10 h−1Mpc, the normalization factor
approximates the window function amplitude and thus the power spectrum amplitude can
be approximately compared across different survey geometries [96].

6.2 Mean Halo-Occupancy

The abundance matching technique implemented in Uchuu provides a complete determina-
tion of the distribution and properties of DESI tracers within their host dark matter haloes.
This allows us to estimate the mean number of galaxies or quasars within a dark matter
(sub)halo of virial mass Mhalo for each tracer sample. In Figure 14, we present the mean
halo occupancy as a function of halo mass for ELG and QSO tracers, obtained from our
independent set of Uchuu lightcones. The clustering signal of the same samples for the DR2
is shown in Figure 4). In our simulation, we can distinguish between central galaxies/quasars
residing in their host haloes and satellite galaxies/quasars that live in subhaloes. By doing
so, we are able to measure the HOD separately for centrals and satellites. These are shown
by the dotted and dashed curves in Figure 14, respectively, for each tracer.

For both ELG and QSO samples, the central HOD strongly shows the influence of our
model with the occupation fraction resembling a Gaussian in Mhalo. This is expected due
to the strong correspondence between Vpeak and Mhalo. The satellite component rises more
quickly at high Mhalo for ELGs than QSOs. This is a result of the ELG sample having a
lower best-fit Vmean than the QSO sample as shown in Table 3 as well as the much larger
sample size of ELGs.

The HOD analysis of the ELG mocks reveals two mostly distinct components. The
component of the HOD from the centrals follows a Gaussian distribution which dominates
where Mhalo < 1012.1 h−1M⊙, while the satellites exhibit a power-law distribution which
dominates at Mhalo > 1012.4 h−1M⊙. The central haloes reach a peak occupation of 0.095,
observed at Mhalo = 1012 h−1M⊙.

Similar to the ELG HOD, the QSO HOD also exhibits a Gaussian distribution for the
centrals, characterized by Mhalo < 1012.7 h−1M⊙, and a power-law behavior for the satellites,
which dominates at Mhalo > 1012.8 h−1M⊙. The mean halo mass for the central quasars is
Mhalo = 1012.4 h−1M⊙, at peak occupancy of 0.319. This slightly deviates from the reported
mean halo mass values reported in [61] for eBOSS QSOs, ranging from 1012.5 h−1M⊙ to
1012.8 h−1M⊙. This is expected since the reported Vmean values in their study are higher
compared to the values presented in this paper. However, despite these differences in nu-
merical values, the shapes of the HOD in both DESI and eBOSS studies exhibit a similar
pattern.

6.3 Large Scale Bias

As we discussed in 1, we measure the large-scale bias, b, for both tracers from the DESI
DR2 and compare to their prediction obtained from the Uchuu lightcones in the Planck
cosmology. The results are presented in Figure 15. We performed these measurements of the
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Figure 14. Mean halo occupancy of ELGs (left) and QSOs (right) as determined from our SHAM
Uchuu boxes. The redshift of the Uchuu-ELG box is z = 1.22, while the redshift of the Uchuu-QSO
box is also z = 1.22. The mean number of galaxies of a halo with a given mass Mhalo is denoted by
< Ngal >. The central galaxies are shown with dotted lines and satellites with dashed lines. The
solid lines represent the combined centrals and satellite occupation. The shaded area indicates the 1σ
uncertainty of the occupation measured from the Uchuu lightcone.

linear bias by fitting

ξ0(s) = b2
(
1 +

2

3
β +

1

5
β2

)
ξlin(s) (6.4)

to our correlation function monopole measurements, ξ0(s), over a given range of separations.
ξlin(s) is from the linear power spectrum at the redshift of our galaxy sample, and β = Ω0.6

m /b
[see 97, 98].

The bias of ELGs vs redshift is shown in the left panel of Figure 15. The bias was
calculated for each box defined in Table 2 and for the data cut into the same redshift range
covered by the mocks. We use a separation range of 10 h−1Mpc to 80 h−1Mpc. We find
good agreement between the bias measured from the data and the bias measured from the
mock. The large-scale bias of the QSOs is shown in the right panel of Figure 15, as a function
of redshift, with bias factor measured in the separation range 10 < s < 80 h−1Mpc. The
increasing bias measurements with redshift are consistent with those obtained by [99] using
the DESI two-month data.

7 Summary

The work presented in this paper provides a detailed overview of the work to create simulated
galaxy catalogs in lightcones for the DESI DR2. These lightcones are constructed within the
framework of the flat-ΛCDM Planck cosmology model implemented in the Uchuu cosmolog-
ical simulation. We construct catalogs populated by DESI ELGs and QSOs with a general
model of Vpeak of galaxies in (sub)halos and abundance match to (sub)halo mass. A modified
SHAM method is employed, incorporating additional parameters (for ELGs). Our models,
that account for a Vpeak (for QSOs) or fsat evolving with redshift, predict the observations

– 19 –



0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
Redshift z

1.0

1.1

1.2

1.3

1.4

1.5

1.6
Bi

as
 b

(z
)

Fit to data
Fit to Uchuu-ELG
Y3 ELG
Y3 Uchuu-ELG

1.0 1.2 1.4 1.6 1.8
Redshift z

1.6

1.8

2.0

2.2

2.4

2.6

2.8

Bi
as

 b
(z

)

Fit to data
Fit to Uchuu-QSO
Y3 QSO
Y3 Uchuu-QSO

Figure 15. Large-scale bias b(z) as a function of redshift for ELGs (left) and QSOs (right). Black
and colored points show bias values measured directly from DESI Y3 observations and Uchuu mocks,
respectively, with solid and dashed lines representing their corresponding fits (as mentioned in 6.3).
The bias increases monotonically with redshift for both tracers, consistent with these populations
occupying more massive halos at earlier times.

reasonably across different narrow redshift bins. We carry out a comparison of the measured
clustering signals for ELG and QSO sample in the DESI DR2 with the corresponding pre-
dictions from Uchuu . Additionally, we determine the halo occupancy and large-scale bias
factors for both tracers. We summarize the main results below:

1. We measure the redshift-space two-point correlation function monopole and quadrupole
over the scales 0.5 h−1Mpc to 80 h−1Mpc. Additionally, we measure the power spectrum
monopole from 0.005 hMpc−1 < k < 0.405 hMpc−1. Overall, we find consistency
between the DR2 measurements and the theoretical predictions based on the Planck
cosmology using the Uchuu lightcones.

2. For the ELGs, there is agreement between Uchuu and DESI above 0.5 h−1Mpc.

3. For QSOs, good agreement is found between Uchuu and the DESI DR2 data in the
respective redshift bins.

4. The ELG halo occupation consists of a Gaussian component for centrals with low
halo masses dominating at (Mhalo < 1012.1 h−1M⊙ and a peak occupation of 0.095
at Mhalo = 1012 h−1M⊙), and a power law component for satellites with halo masses
dominating at (Mhalo > ×1012.4 h−1M⊙). The QSO HOD exhibits a similar form: a
Gaussian component for central haloes dominating at (Mhalo < 1012.7 h−1M⊙ with a
peak occupation of 0.319 at Mhalo = 1012.4 h−1M⊙), and a power-law component for
the satellites dominating at (Mhalo > 1012.8 h−1M⊙).

5. The linear bias factors were measured for both tracers from the DESI DR2 and com-
pared to predictions based on the Uchuu lightcones in the Planck cosmology.
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Appendix

A Example of Vpeak distribution

This section provides an example of the Vpeak distribution for one of the QSO mock catalogs
used in the parameter grid. The purpose of this figure is to illustrate that the range and
shape of the halo maximum circular velocity distribution selected by the model, (the adopted
Vpeak selection) contributes to the resulting clustering signal.
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Figure 16. Distribution of Vpeak for one of the QSO mocks from the grid.

B Effect of Sigma variation

This section examines how changing the velocity scatter parameter σv affects the predicted
clustering of the mock samples. Across the fitting scales considered in this work, the clustering
measurements remain largely insensitive to variations in σv, indicating that this parameter
has a negligent impact compared with parameters such as the mean Vpeak and satellite frac-
tion. It is worth noting that this maybe explored further for future studies investigating
small scale clustering.

Figure 17. Effect of σv variation in ELG mocks (0.8 < z < 1.1)

C Heatmaps for best fit parameters

This section presents a heatmap of the reduced χ2 values obtained across the model param-
eter grid as described in Section 4, allowing the preferred regions of parameter space to be
identified visually. In these plots, each point corresponds to a mock realization with a par-
ticular combination of mean Vpeak and satellite fraction fsat, and the color scale indicates the
quality of fit to the observed clustering. The heatmap therefore provides a compact summary
of the parameter degeneracies and highlights the combinations that best reproduce the data,
helping to justify the final best-fit parameter choices reported in the main analysis.
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Figure 18. Heatmap for χ2 per degrees of freedom (reduced χ2) for QSOs in 1.5 < z < 1.8. The x-
axis is the mean Vpeak and the y-axis is the respective satellite fractions fsat. The blue cross indicates
the region of parameter space chosen by the the paraboloid fit as the best fir region for this redshift
region.
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