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ABSTRACT

The Euclid mission and other next-generation large-scale structure surveys will enable high-precision measurements of the cosmic matter distri-
bution. Understanding the impact of baryonic processes such as star formation and active galactic nuclei (AGN) feedback on matter clustering is
crucial to ensure precise and unbiased cosmological inference. Most theoretical models of baryonic effects to date focus on two-point statistics,
neglecting higher-order contributions. This work develops a fast and accurate emulator for baryonic effects on the matter bispectrum, a key non-
Gaussian statistic in the nonlinear regime. We employ high-resolution N-body simulations from the BACCO suite and apply a combination of
cutting-edge techniques such as cosmology scaling and baryonification to efficiently span a large cosmological and astrophysical parameter space.
A deep neural network is trained to emulate baryonic effects on the matter bispectrum measured in simulations, capturing modifications across
various scales and redshifts relevant to Euclid. We validate the emulator accuracy and robustness using an analysis of Euclid mock data, employing
predictions from the state-of-the-art FLAMINGO hydrodynamical simulations. The emulator reproduces baryonic suppression in the bispectrum
to better than 2% for the 68% percentile across most triangle configurations for k € [0.01,20] 2 Mpc™' and ensures consistency between cosmolog-
ical posteriors inferred from second- and third-order weak lensing statistics. These results demonstrate that our emulator meets the high-precision
requirements of the Euclid mission for at least the first data release and provides reliable forecasts of the cosmological information contained in
the small-scale matter bispectrum. This underscores the potential of emulation techniques to bridge the gap between complex baryonic physics
and observational data, maximising the scientific output of Euclid.

Key words. cosmological parameters — cosmology: theory — dark matter — large-scale structure of Universe

1. Introduction our understanding of the large-scale structure (LSS) of

the Universe by providing high-precision measurements
The European Space Agency mission FEuclid (Euclid of cosmic shear, galaxy clustering, and the distribution of
Collaboration: Mellier et al. 2025) is set to revolutionise matter on cosmological scales (e.g. Heymansetal. 2021;
DES Collaboration 2022; Miyatake et al. 2023). These data will
* This paper is published on behalf of the Euclid Consortium. enable tight constraints on key cosmological parameters, such
** Corresponding author: arico@bo.infn.it as the equation of state of dark energy, the sum of neutrino
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masses, and the amplitude of primordial density fluctuations
(Euclid Collaboration: Mellier et al. 2025).

The classical cosmic shear analysis involves measuring the
correlations between galaxy ellipticities as a function of their
separation, quantified by the two-point correlation function of
the shear (y-2PCF, e.g. Asgari et al. 2020; Amon et al. 2022;
Dalal et al. 2023). This statistic benefits from a well-established
theoretical framework, primarily capturing the multiscale vari-
ance of the lensing field. However, gravitational collapse intro-
duces non-Gaussian features into the shear field, which are not
fully captured by y-2PCF or other second-order statistics.

As a result, two-point statistics cannot extract all cosmolog-
ical information, leading to parameter degeneracies, such as the
one between the matter density parameter €, and normalisation
of the power spectrum og, which limit constraints to combina-
tions such as Sg = o3 VQ,/0.3. Various higher-order statistics
(HOS) have been proposed in the literature to access additional
information (see e.g. Euclid Collaboration: Ajani et al. 2023).

A compelling HOS for probing non-Gaussian features of
the LSS is the matter bispectrum (e.g. Bernardeau et al. 2003;
Takada & Jain 2003), which captures three-point correlations in
the density field and provides complementary information to the
widely studied two-point statistics, such as the power spectrum
(Halder et al. 2021; Halder & Barreira 2022; Heydenreich et al.
2023; Burger et al. 2024; Gomes et al. 2025).

One of the biggest challenges of HOS is the precise mod-
elling of intermediate to small scales, as HOS extract most addi-
tional information on nonlinear scales (Foreman et al. 2020).
However, these small scales are heavily affected by baryonic
feedback processes, such as gas cooling, star formation, and
feedback from active galactic nuclei (AGN), which modify
the distribution of matter (van Daalen et al. 2011; Chisari et al.
2018). These processes significantly affect the matter distribu-
tion, especially in the nonlinear regime, and must be accounted
for in cosmological analyses to avoid biased constraints on fun-
damental physics (Semboloni et al. 2011; Schneider et al. 2019).

Semboloni et al. (2013) used a halo-model approach to pre-
dict the effect of baryons on second-order shear statistics and
a perturbation theory approach to predict the effect of baryons
on the three-point shear statistics. By applying their method to
the OverWhelmingly Large Simulations (Schaye et al. 2010),
they found that, similar to second-order statistics, the effect
of baryonic processes on third-order statistics is not negli-
gible. Moreover, the two statistics have different sensitivi-
ties and dependences on the baryonic parameters. Therefore,
the combination of second- and third-order statistics has the
potential to self-calibrate baryonic feedback parameters, thus
improving constraining power on cosmological parameters and
reducing projection effects that arise when marginalising high-
dimensional posterior distributions over subsets of parameters,
which lead to shifts in one- or two-dimensional marginal poste-
riors that do not reflect the true structure of the full joint distri-
bution.

Hydrodynamical simulations (e.g. Le Brunetal. 2014;
Nelson et al. 2015; Schaye et al. 2015, 2023; McCarthy et al.
2018; Pakmor et al. 2024) offer the most detailed insight into
baryonic processes and their effects on the power spectrum
(Schaller et al. 2025). However, their computational expense
makes exploring the high-dimensional parameter space neces-
sary for future cosmological surveys impractical. A promising
method for incorporating baryonic effects involves modi-
fying Gravity-Only (GrO) simulations to mimic the influ-
ence of baryons using physically motivated models. These
approaches, often referred to as Baryon Correction Mod-
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els (BCM) or baryonification techniques (Schneider & Teyssier
2015; Schneider et al. 2019; Arico et al. 2020), are computation-
ally efficient and enable the generation of extensive training
sets. Such datasets are instrumental in building fast emulators
that predict baryonic suppression as a function of cosmologi-
cal parameters and a few physically motivated baryonic param-
eters (Arico et al. 2021a; Giri & Schneider 2021). Using these
tools, the baryonic suppression effects observed in various
hydrodynamical simulations can be replicated with percent-
level accuracy down to scales of k = 5—10/Mpc~'. Although
much progress has been made in emulating baryonic effects
on the matter power spectrum, the bispectrum or higher-order
statistics have remained comparatively underexplored (see e.g.
Arico et al. 2021b; Anbajagane et al. 2024; Zhou et al. 2025).
Given the additional cosmological information contained in the
bispectrum and its sensitivity to non-Gaussianities, we develop
here, as an essential extension, an emulator that can accurately
capture baryonic effects on the bispectrum and is fast enough to
be used in Bayesian pipelines.

We do this by expanding the work of Arico et al. (2021a)
on the matter power spectrum and present the first emula-
tor predicting the impact of baryonic processes on the mat-
ter bispectrum. We model the relevant baryonic processes
employing high-resolution simulations from the BACCO suite
(Angulo et al. 2021), post-processed using the baryonification
technique developed in Arico et al. (2020) and the cosmology
scaling of Angulo & White (2010). We train deep neural net-
works to predict the power spectrum and bispectrum of our
simulations. Although an emulator of baryonic effects on the
power spectrum was already presented in Arico et al. (2021a),
we expand their work to have consistent modelling for the power
and bispectrum with a broader parameter space and a scale that
extends to larger k-values. We validate these emulators against
the FLAMINGO set of high-resolution hydrodynamical simula-
tions (Schaye et al. 2023; Kugel et al. 2023), each incorporating
different physical prescriptions for feedback mechanisms, star
formation, and gas dynamics. Training on various scales and red-
shifts ensures that our emulators cover the relevant parameter
space for the Euclid mission.

Specifically, we show that our BCM emulator can accurately
reproduce the FLAMINGO baryonic effects on the second-
and third-order moments of the aperture mass lensing statis-
tic (Jarvis et al. 2004; Schneider et al. 2005) across different
configurations of box sizes, particle masses, and strengths of
AGN feedback. Furthermore, we combine second- and third-
order weak lensing statistics to forecast cosmological constraints
under the impact of baryonic effects for a non-tomographic
analysis of the Euclid first data release (DR1), quantifying the
importance of accounting for baryonic effects in the power spec-
trum and bispectrum measurements. Our results demonstrate
that ignoring baryonic effects could lead to significant biases in
interpreting Euclid data or require scale cuts, leading to a severe
reduction in constraining power, highlighting the necessity of
incorporating these effects into cosmological analyses.

This paper is organised as follows. In Sect. 2, we describe
the suites of simulations used for training, validating, and build-
ing the emulator. We also describe the GrO simulations used for
estimating the Euclid-DR1 covariance matrix for the weak lens-
ing statistics. Section 3 presents the estimation of the bispec-
trum and its validation. In Sect. 4, we present the training of the
BCM emulator of the power spectrum and bispectrum. In Sect. 5,
we present the methodology for converting the spectra to weak
lensing statistics, which we then use in Sect. 6 to perform the
non-tomographic Euclid-DR1 forecast. Finally, we discuss the
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Table 1. Cosmological parameters of the simulations used in this work.

h Qm Qb gy ng

TheOne  0.680 0.307 0.0480 0.900 0.960
D3A 0.681 0.306 0.0486 0.807 0.967
LS8 0.682 0305 0.0473 0.760 0.965
Planck 0.673 0316 0.0494 0.812 0.966
WMAP9 0.700 0.279 0.0460 0.820 0.970

Notes. The table reports the cosmologies of the simulations used in
this work. “TheOne” is from the BACCO simulation suite. “D3A”
corresponds to the FLAMINGO simulation run with the DES Y3
“3 x 2pt+ All Ext”. ACDM cosmology (DES Collaboration 2022).
“LS8” refers to a FLAMINGO run with low o3, and “Planck” uses
the Planck Collaboration VI (2020) cosmology. The Takahashi sim-
ulations adopt a cosmology approximately consistent with WMAP9
(Hinshaw et al. 2013). The parameters shown are: the dimensionless
Hubble parameter 4, the matter and baryon density parameters €, and
Qy, the amplitude of linear fluctuations o7, and the spectral index n.

implications of our findings and potential future extensions in
Sect. 7.

2. Simulations
2.1. BACCO simulations

This section describes the BACCO N-body simulations used in
this study to build a BCM and quantify the baryonic effects
on the matter power and bispectrum. The BACCO simulation
suite is specifically designed to provide highly accurate pre-
dictions of nonlinear cosmic structure formation as a function
of cosmology. The gravitational evolution is computed using
L-Gadget3 (Springel 2005; Angulo et al. 2012, 2021), a vari-
ant of the Gadget code, with a Plummer-equivalent softening
length of € = 5h~! kpc. The numerical parameters of the suite,
including force and mass resolution, were chosen to achieve
convergence at the 1% level in the nonlinear power spectrum
at z = 0 and k ~ 102 Mpc™'. This setup has been validated
against other N-body codes, performing exceptionally well in
the Euclid Code Comparison project (Schneider et al. 2016),
where it agreed within 2% with most codes up to k ~ 10 2 Mpc™!
(Angulo et al. 2021). Each simulation explores a distinct cos-
mology, with parameters carefully selected to maximise the cov-
erage of the parameter space when combined with rescaling
algorithms (Contreras et al. 2020; Angulo et al. 2021).

In this work, we employ a single gravity-only simulation,
a higher-resolution version of TheOne simulation presented in
Arico et al. (2021a). This simulation follows the evolution of
2288° particles of mass m, ~ 9.55 X 108 h™! M, within a peri-
odic box of L = 512 h~! Mpc on a side. We report its cosmology
in Table 1. The initial conditions were generated at z = 49 using
second-order Lagrangian perturbation theory (2LPT). To min-
imise cosmic variance, the amplitudes of Fourier modes were
fixed to the ensemble average of the linear power spectrum, and
we average the summary statistics of two realisations having
opposite phases, following the fix and pair approach described
by Angulo & Pontzen (2016). The particle catalogue was down-
sampled by a factor of 43 for computational and memory effi-
ciency. We refer to Arico et al. (2021b) for detailed convergence
tests of resolution and cosmic variance, which show that bary-
onic effects on the power spectrum and bispectrum produced
with the BCM on top of this simulation are converged at the
percent level.

2.1.1. Cosmology rescaling

We explore the cosmological space with the cosmology rescal-
ing algorithm originally proposed in Angulo & White (2010),
and further refined by Zennaro et al. (2019) and Contreras et al.
(2020). This method computes and applies optimal space and
time scale factors, which minimise the linear mass variance
between two different cosmologies. Furthermore, after apply-
ing these scale factors, one can also correct the large-scale flow
motions and the small-scale internal structure of haloes. This
algorithm can accurately reproduce the matter and halo clus-
tering in a wide cosmology parameter space, including mas-
sive neutrinos and dynamical dark energy, with just a few sim-
ulations and in only a few seconds. In this work, we only
vary the cosmological parameters Q,, Qy, g, that have been
shown in several works to be the dominant cosmological depen-
dence of baryonic effects, at the level of the matter power spec-
trum (Schneider et al. 2019; Arico et al. 2021a). We tested in
Appendix C with the BACCO simulation suites that this state-
ment is also valid for the matter bispectrum.

2.1.2. Baryonic correction model

To incorporate the effects of baryonic physics into the mass
distribution in GrO simulations, we use the ‘baryonification’
framework (Schneider & Teyssier 2015; Schneider et al. 2019;
Arico et al. 2020). This method applies physically motivated
prescriptions for processes such as star formation, gas cool-
ing, and AGN feedback to perturb the positions of particles in
gravity-only N-body simulations, thereby modifying the mass
distribution.

One key advantage of the baryonification approach is its flex-
ibility in exploring possible modifications to the matter power
and bispectrum, accounting for the uncertainties inherent in
baryonic physics. Model parameters can be constrained using
observational data and tested with hydrodynamical simulations.
In this work, we adopt the implementation detailed in Arico et al.
(2021b), which has been successfully tested along with the cos-
mology rescaling algorithms in simultaneously reproducing the
power spectra and bispectra of different hydrodynamical simula-
tions. The model considers several baryonic components. The
first component is the bound gas in haloes, whose density is
described by a double power law with the transition radius and
slopes being free parameters. In this work, we adopt only one
free parameter for the bound gas shape, 6i,,, which represents the
inner characteristic scale where the gas slope varies. The outer
characteristic scale, 6,,, was fixed to one, which we verify in
Appendix C. Both characteristic scales are reported in units of
the halo radius, rgy, which in turn is defined as the radius where
the halo’s density exceeds the Universe’s critical density by a
factor of 200. The bound gas mass fraction, fgg, is parametrised
as

Jo — fea — fsa
1 = (M /May)P’

where fi, = Q,/Qy is the cosmic baryon fraction, Mg is the
mass inside radius rypg, M. and g are free parameters, and fc s
are the central and satellite galaxy stellar mass fractions, respec-
tively. An abundance-matching parametrisation gives the central
and satellite galaxy fractions (Behroozi et al. 2013), which have
the same parametric form in halo mass and redshifts and their
parameters are assumed to be linearly dependent.

In this work, we follow Arico et al. (2021a) and free only one
parameter for the stellar component, M ;o cen. This parameter

fec(Map) = (D
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Table 2. Priors of the varied BCM parameters.

Parameter Prior Range
log,o(M./h™' M) [10, 16]
log,o(M;/h™' M) [9, 13]
log,o(B) [-1.0,0.7]
log () [-0.7,0.2]
log;¢(@inn) [-2.0, 0.0]
m [0.23, 0.40]
Q [0.04, 0.06]
o [0.73, 0.90]
a [0.24, 1.01]

Notes. Units are shown inside the logarithmic expressions where appli-
cable; all other parameters are dimensionless. a refers to the scale factor.

represents the characteristic halo mass for which the central
galaxy to halo mass fraction is set to €y cen = 0.023 at z = 0.

A fraction of the gas is assumed to be ejected by feedback,
with a constant density and an exponential cutoff at a given
scale, parametrised by a free parameter 7. The sum of stellar and
gas mass fractions, including the ejected gas, is by construction
equivalent to the cosmic baryon fraction f,. We report the priors
on the varied BCM parameters in Table 2. Moreover, we fix to
a fiducial value the BCM parameters Mi,, = 2.3 x 1013 h~! M,
which are verified in Appendix C. Finally, we vary the scale fac-
tor a = 1/(1 +z) to account for the redshift evolution of baryonic
effects. We note that in the following, we write M| instead of
M 1,z0,cen-

2.2. FLAMINGO simulations

To test our baryon model, we use the FLAMINGO simula-
tions', in particular, we use the convergence maps developed
and described in Broxterman et al. (2024). A detailed description
of the FLAMINGO simulations, their performance, and calibra-
tion strategy can be found in Schaye et al. (2023), Kugel et al.
(2023), and McCarthy et al. (2023).

The simulations were conducted using the SWIFT hydrody-
namic code (Schaller et al. 2024) with the SPHENIX smoothed
particle hydrodynamics (SPH) implementation (Borrow et al.
2022). Neutrinos were modelled as massive particles using
the method developed by Elbersetal. (2021), which min-
imises particle shot noise. The simulations incorporate radia-
tive cooling and heating on an element-by-element basis
(Ploeckinger & Schaye 2020), star formation following the
prescription of Schaye & Dalla Vecchia (2008), and time-
dependent stellar mass loss as outlined by Wiersma et al. (2009).
Supernova and stellar feedback are implemented kinetically,
with neighbouring particles receiving kicks that conserve energy,
linear momentum, and angular momentum, as described in
Chaikin et al. (2023). Gas accretion onto supermassive black
holes and subsequent thermal AGN feedback are modelled based
on Booth & Schaye (2009), while kinetic jet feedback follows
the AGN jet implementation of Husko et al. (2022), where gas
particles are accelerated to a fixed jet velocity aligned with the
black hole’s spin.

In this work, we use the box with 2.8 comoving Gpc side
length, 5040° dark matter (DM) and baryon particles, and 2800°
massive neutrino particles, where the baryonic particle mass is
1.07 x 10° My, and the DM particle mass is 5.65 x 10° M.

1 https://flamingo.strw.leidenuniv.nl/
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Table 3. Baryon descriptions of the FLAMINGO simulations.

Identifier AM*  Afs,s  AGN mode Ny

L2p8_m9 0 0 Thermal 5040°
L1_m9 0 0 Thermal 18003
L1_ml0 0 0 Thermal 9003

L1_m8 0 0 Thermal 3600°
fgas+20 0 +2 Thermal 18003
fgas—20 0 -2 Thermal 18003
fgas—4o 0 -4 Thermal 18003
fgas—8o 0 -8 Thermal 18003
M*—o -1 0 Thermal 18003
M*—o_fgas-40 -1 —4 Thermal 18003
Jet 0 0 Jet 1800°
Jet_fgas—4o 0 -4 Jet 18003

Notes. The cosmology of these simulations is the D3A cosmology given
in Table 1.

We use all eight available light cones with different observers.
The cosmology of these runs was taken from the Dark Energy
Survey year three “3 x 2pt+ All Ext”. ACDM cosmology
(DES Collaboration 2022), which we denote as ‘D3A’. Comple-
mentary to this run, we use all nine baryon descriptions available
for the D3A cosmology given in Table 1. These additional runs
have the same resolution, but with a box size of 1 Gpc, 18003
baryonic particles, and 1000 massive neutrino particles. We also
use the higher and lower mass resolution for the fiducial baryon
feedback description (L1_m8 and L1_m10). In the following, we
label the gravity-only simulations as ‘GrO’ and those including
baryonic feedback as ‘Hydro’.

At the D3A cosmology, eight runs were calibrated to dif-
ferent galaxy stellar mass functions (M, ) and/or gas fractions
in clusters (fus), or they were varied in their overall AGN sub-
grid feedback prescriptions. The values of the subgrid parame-
ters were adjusted so that the stellar mass function and/or the
gas fractions in clusters deviated by specific standard deviations
(AM . and A fg,,) from the fiducial model, as shown in the second
and third columns of Table 3.

Four of these eight runs focused exclusively on varying gas
fractions in clusters. These are identified as fgas+ no, where n
represents the number of standard deviations by which the gas
fraction is modified. One additional run was calibrated to match
a stellar mass function shifted to a lower mass by loo M*—0o).
Another run, labelled M*—o_fgas—4o-, incorporated variations in
both observables. The fiducial AGN feedback model uses a ther-
mal implementation, but two alternative models employ a kinetic
jet feedback mechanism. These are denoted as Jet and Jet_fgas—
40, with the latter targeting reduced gas fractions in clusters. The
jet models provide a way to evaluate the sensitivity of observ-
ables to variations in subgrid models calibrated to the same data.
Lastly, we also make use of a simulation at a lower og than the
D3A, which is reported in Table 1, denoted as LS8, and uses the
baryon description of the fiducial case L1_m9.

2.2.1. Weak lensing convergence maps

The weak lensing convergence maps (¢, y) were created using
ray-tracing for each comoving slice, where ¢ refers to the sky
coordinates and y to the comoving distance (Broxterman et al.
2024). A key quantity of gravitational lensing is the
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magnification or Jacobian matrix defined as

. 2 _
Aij@,x) = %Bi 00 (1=dn

—¢12
P ~ ’ 2
a9, Y7 86,00, \ ~¢a @

1 —¢2n)’

where 6k is the Kronecker delta symbol, ;; = 8/06;0/06;,
B denotes the original position of the ray-traced light ray,
and can be computed as an integral along the comoving dis-
tance over the gradient of the deflection potential ¢ (see
Bartelmann & Schneider 2001). Given the fact that V2¢ = 2«,
we can also express the magnification as

_(l=«k=m -2
A= ", 1_Kw), 3)

where

1
Y1 x) = §[¢,11 - o0l x) & vy =¢12x). @)

Based on the magnification matrix derived from density
maps in HEALPix format (Gorski et al. 2005) with an Ngge =
8192, which corresponds to a pixel size of 0743, the shear signal
k@, ) and y(i}, ) are computed at each pixel location. Next,
these convergence maps are combined using the Limber integra-
tion (Limber 1954)

‘max d
k() = f dy nlz(p)] d—z K@), )
0 Y

where n(z) is the redshift probability distribution of source galax-
ies given in Euclid Collaboration: Blanchard et al. (2020) as

Z 2 \3?
n(z) o (—) exp [— (—) } (6)
20 20
with zg = 0.9/ V2. This redshift distribution is cut at zy. = 3,
s0 that ¥max = ¥(Zmax) and it is normalised.

2.3. Takahashi simulations

As in Burger et al. (2023), we use the Takahashi et al. (2017)
simulations to estimate a Euclid-like covariance matrix for our
lensing statistics. The simulations by Takahashi et al. (2017)
track the nonlinear evolution of 2048° particles within a series
of nested cosmological volumes. These volumes start with a
side length of L = 450k ! Mpc at low redshifts and grow
progressively larger at higher redshifts, resulting in 108 full-
sky realizations. These simulations were generated using the
Gadget-3 N-body code (Springel 2005) and are publicly avail-
able’. The cosmological parameters are set to values consistent
with WMAP 9 (Hinshaw et al. 2013) and reported in Table 1.
Lensing information from these simulations is provided using
the Born approximation as 108 full-sky realisations of the con-
vergence and shear, each subdivided into 38 redshift slices in
ascending order. To construct a non-tomographic Euclid-DR1-
like covariance matrix, we built the weighted average of the first
30 « maps with ascending redshift. The weight for each redshift
slice is measured by integrating the n(z) given in Eq. (6) over
the corresponding width of the redshift slice. To have a foot-
print of roughly 2000 deg?, we divided the 30 full-sky maps into
19 patches, each with a size of roughly 2146 deg®. Shape noise
is added to the convergence maps by drawing random numbers

2 http://cosmo.phys.hirosaki-u.ac.jp/takahasi/allsky_
raytracing/

from a Gaussian distribution with a vanishing mean and a stan-
dard deviation, as follows:

Oe

o= —5 7
\/neﬂApix
with the pixel area as Apx = 0.18 arcmin® (Nsige = 8192),

ner = 30arcmin™> as the effective galaxy number den-
sity, and shape noise contribution o = 0.3 as stated in
Euclid Collaboration: Blanchard et al. (2020).

3. Estimation of the bispectrum

We measure the bispectra and power spectra employing the esti-
mator by Scoccimarro (2000), which defines the bispectrum at
k-bins k = {ky, ko, k3} for a simulation of volume V as

[T [y, 4°4i6(a) p(as + g2 + g3)

B(ky, k2, k3) =
ML fAk,- d*qiop(q, + 4, + 43)

®)

where § is the Fourier transform of &, op is the Dirac delta distri-
bution, and Ak; are the bins of wavenumber k;. The power spec-
trum is defined by

315 2
IO

P(k) = )
fAk dq
We further use
dBx

io(ay + g+ g = [ oS, (10)
plg1 + 4>+ 43 1, 277
so the g-integrals become separable, and we obtain

&dx 3 )

03 i= I (x)
Blky. k. k) = o G Tl & (11)

Bx 1713 71y
Loox @n? Hi:l Iki(x)

where Ly is the length of the simulation box.
[(x) = f dqé(g)e™™* and [}(x) = f dge . (12)
Ak Ak

The I]f (x) can be quickly obtained using Fast Fourier Trans-
forms (FFT). To make feasible the estimation of thousands of
spectra using the large grids required for this project, we pro-
duced a new implementation of these FFTs that runs on GPUs
using the JAX framework, which provides a speed-up of a factor
up to 10 with respect to CPUs codes. We publicly released the
code BiG (Linke 2024), and show in Appendix A how its esti-
mates for the bispectrum agree with those of CPUs codes such
as bskit (Foreman et al. 2020) to better than 0.01%.

This estimator averages over the number of triangle con-
figurations inside a (ki, k», k3) bin. However, as we are inter-
ested in a bispectrum prediction for a specific configuration, we
need to define which ‘effective’ triangle configuration any mea-
sured bispectrum value corresponds to. Following Oddo et al.
(2020), we assign each bin an effective triangle configuration

(K1 eff, k2 eff, k3 eff) @S
1_[3:1 fAkj &*q; qi6p(q) + 4> + 43)
[Ty fAk, d*g; 6n(q; + g, + q3)

ki (ki, ko, k3) = (13)

We use these effective ks when creating the emulator in the fol-
lowing sections and, for simplicity, drop the ‘eff” subscript.
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For a given density field with N* grid points and box length
Loy, the theoretically accessible k modes are k € [2k,y, Nkyy],
where kyy = 7/ Lyox is the Nyquist frequency. In our case, we use

N = 858, which leads to kg, = 5.3 A Mpc™!.

To access smaller scales (larger k) without increasing the
number of grid points, we use the folding technique presented
in Jenkins et al. (1998) and Colombi et al. (2009) and validated
for the bispectrum by Arico et al. (2021b). The particle distri-
bution is ‘folded’ by wrapping particles into a sub-box of side
length L/f. Given the same grid and the k;y defined in the full
box, the new Nyquist frequency is k;, = f kyy. In this work, we
deploy three foldings f = [1,2,4], such that the lowest ky;, is
0.0123 2 Mpc™! and the largest kpgy is 21.058 A Mpc~!. While
combining the three foldings for the power spectrum is straight-
forward, it is more complicated for the bispectrum. The reason
is the missing squeezed triangles, where one of the k; values can
only be measured in one folding, while the other k; values are
only measurable in the other. In the following, we will allow the
emulator to extrapolate to these missing squeezed triangles and
validate this on the lensing analysis below, since we currently
cannot measure bispectra where all k-configurations fit in a sin-
gle grid. We also notice that we use the symmetries of the bispec-
trum B(ky, ko, k3) = B(ky, k3, k1) = B(ks, ko, ki) = B(ks, ki, ko) =
B(ky, k3, ky) = B(k>, k1, k3) and that the three sides need to build
a triangle, k3 < k; + ky, which reduces the required measure-
ments. We average the measurements from two opposite-phase
realizations to suppress cosmic variance for both power spec-
tra and bispectra. We also subtract the shot noise contribution,
which is given as ! = Liox /Npar for the power spectrum and
Ba(ki, ky, k3) = =2 + i ' [P(k;) + P(ky) + P(ks)] for the bispec-
trum (Peebles 1980). Lastly, we note that we do not deconvolve
the window function introduced by the mass assignment scheme,
but we checked that the effect is smaller than 0.02% when taking
ratios of power spectra and bispectra as in our case.

4. Training and validation of the emulator

After measuring the power and bispectra for the GrO and bary-
onified cases for 1200 nodes distributed in a Latin Hypercube
defined by the prior mentioned in Sect. 2, we are ready to build
the BCM of the matter power spectrum, S (k) = PHydo/pGro,
and bispectra, R(k) = BW4°/BGO For our emulation, we
use the CosmoPower neural network (NN) library described in
Spurio Mancini et al. (2022). In principle, we could use only the
six baryon parameters as input and then interpolate between dif-
ferent k-values. However, we found that it is more convenient,
accurate and faster to use also the k-value as input parame-
ters, as this allows us to predict the power and bispectra for
any k-values even if they were not measured in the first place.
Moreover, in this way, we can clean our training set more effi-
ciently, removing the single B(ki,k,, k3) configurations where
B(ky,ky, k3) < 2 Bgsn(ky, ks, ks) without having to exclude the
whole sampling node. With this procedure, we discard only
about 2.5% of the total measurements. We note that we emu-
late the three-dimensional power spectrum and bispectrum, as
opposed to the projected two-dimensional lensing statistics pre-
sented in the next sections, to have the flexibility to employ the
emulators with different survey setups and projections, without
the need to perform the training of more emulators. To further
speed up the cosmological analyses, specific emulators for a
given survey configuration can be easily developed starting from
the ones presented here.
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Fig. 1. Accuracy of the emulator for baryonic effects on the matter
power spectrum. The y-axis is defined as AS (k) = S™/S'™¢ — 1, where
S (k) = Pgcm(k)/Pgro(k). The horizontal dashed lines show the 0.5%
region.

We randomly split our samples of 1200 nodes into 200 points
used for testing and 1000 for training. After some iterations, we
found that an architecture with four hidden layers and 32 neu-
rons, the Adam optimizer, a mean squared difference loss func-
tion, a learning rate that starts at 0.01 and decreases by a factor
of 10 if the loss does not improve for 100 epochs of training, and
a sigmoid activation, gives the best results. The reason for using
as few layers and neurons as possible is to prevent overfitting
and attempt to improve the extrapolation to k-values not present
in the training. These are, for instance, the squeezed triangles
that do not lay in any of the three foldings used and k-values
smaller than ki, = 0.0123 2 Mpc™'. We note that, while for the
power spectrum, the BCM to large scales, k < 0.0123 2 Mpc™,
can straightforwardly be set to one, this is not obvious for the
bispectrum given its sensitivity to different scales (see Fig. C.2).
Therefore, a more complex extrapolation is needed. We implic-
itly test the accuracy of our NN extrapolation by performing
mock analyses using the expected characteristics of Euclid DR1
in Sect. 6, leaving a more thorough explicit test for future
works.

We first show the accuracy of our BCM power spectrum
emulator in Fig. 1. We find an accuracy on S(k), which we
define as AS (k) = Se™U /S — ], smaller than 0.5% for the 68%
percentile, and 3% for the 95% percentile. In other words, this
means that 68% of the predictions are better than 0.5% for the
power spectrum. We show the accuracy of the bispectrum emu-
lator, defined as AR(k) = R*™/R"™¢—1, in Fig. 2, as a scatter plot
where the corresponding 68% and 95% percentiles of AR(k) are
shown in the upper two and lower two rows, respectively. We
used linear interpolation between the measured k-values for a
better illustration. The linear extrapolation into regions without
measurements, such as the upper left corner for k3 = 5hMpc™!,
should be taken cautiously. Furthermore, we show in Figs. B.1
and B.2 two different illustrations of the accuracy of the bispec-
trum emulator, where it is seen that the accuracy is smaller than
2% for the 68% percentile and similar across the different fold-
ings and not particularly problematic at the transition from one
folding to the next. Since we took 200 nodes for testing, which
are also distributed in a Latin hypercube, the accuracies shown
here marginalize over all parameters. However, we found only
a minimal dependency of the accuracy towards larger M.. All
the other parameters showed no dependency at all. Overall, we
conclude that the emulator is less accurate for very squeezed tri-
angles, especially where the measurement is at the edge of the
k-range.

Remarkably, the overall accuracy of the emulator AR(k) is
better than 2% for the 68% percentile. In the 95% percentile,
the accuracy of isolated triangle configurations seems to be
worse than 5%. We have checked that this error arises from
residual noise in the measurements. Given that we made sure
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Fig. 2. Accuracy of the emulator for baryonic effects on the matter bispectrum R(k). The upper two rows show the lower and upper 68% percentiles
of AR(k), and the two lower rows show the lower and upper 95% percentiles of AR(k). Each column is for a different k3 value, which is by
construction larger than k, and k; but smaller than k; + k,. The black circles show the actual location where we have measured B(k, k,, k3). The
background is coloured using a linear interpolation/extrapolation of the percentiles between the measured k-values.

that our emulator does not overfit this noise, we expect its
accuracy to be better than the quoted values in those regions.
We stress that these values refer to the accuracy of the emu-
lation process. The underlying physical model was found to
reproduce hydrodynamical simulations at a level of 1-3% in
Aricod et al. (2021b) down to scales of 52Mpc™'. In the next
sections, we explore whether this accuracy is enough to pro-
vide an unbiased cosmological inference in a Euclid DR1 lens-
ing analysis. For completeness, we show in Figs. C.1 and
C.2 how S(k) and R(k) depend on BCM and cosmological
parameters.

5. From spectra to weak lensing statistics

This section reviews the second- and third-order weak lens-
ing statistics used to perform a forecast of a non-tomographic
analysis of Euclid DR1. For a detailed review of gravitational
lensing statistics, we refer to Bartelmann & Schneider (2001),
Hoekstra & Jain (2008), Munshi et al. (2008), Bartelmann
(2010), and Kilbinger (2015). In this work, we follow the
description in Burger et al. (2023) and repeat only the essential
details.

5.1. Limber projections of the power spectrum and
bispectrum

The projected power- and bispectrum at wavenumber, ¢,
can be computed using the extended Limber approximation
(Limber 1954; Kaiser & Jaffe 1997; Bernardeau et al. 1997,
Schneider et al. 1998; LoVerde & Afshordi 2008), up to the
maximum distance defined by source redshift distribution
(Eq. (6)).

Xmax 2
Putio) = [ o gsz[“”z,zm;@], (14)
0 a*(x) X
X max 93(/\/)
B (t1,02,05;,0) = dy =———
(61, 6,03;0) fo X B o0x
XB[KI + 1/2’ O+ 1/2’ 03+ 1/2,2()();(9},
X X X

5)

where ® = (O, Opcm) is the set of cosmological and BCM
parameters. The 3-dimensional P(k, z; ®) is defined as

P(k,z;0) = PSO(k, 7; Ocos) S EM (K, 2; Opem) (16)

and P9O(k,z;0.) is the matter power spectrum computed
using Halofit (Takahashi et al. 2012) that depends only on
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cosmological parameters @, and SBM = pHydro; pGrO g the
BCM described in Sects. 3 and 4 that depends on the BCM
parameters ®gcy. In principle, we can use any implementation
of P but we wanted to make use of k > 10 hMpc*1 and
a < 0.4, which the current baccoemu does not provide. In anal-
ogy, the 3-dimensional bispectrum B(k, z, ®) is computed as

B(k,z;0) = B9O(k, ; Ocos) REM (K, 7, Opcm), a7

where BOO(k, z; @) is the nonlinear matter bispectrum com-
puted using BiHalofit (Takahashi et al. 2020), and RE*M =
BHydro s BGrO i the BCM for the bispectrum.

Lastly, we are only considering closed triangles, {3 = |£1+&3|,
and g(y) denotes the lensing efficiency and is defined as

3Q I{2 max / __
900 = =50 f dy ) A2,
X X

22 (18)

with n(y) = n(z) dz/dy and n(z) being the redshift probability
distribution given in Eq. (6).

5.2. Aperture mass statistics

The aperture mass My, at position ¢ with filter radius 6,, is
defined through the convergence «, as follows:

Mo@:0) = [ & Up 0@+ 9 (19)
where U, (') is a
J, d9" 9 Uy, (9) = 0.

We define U, (9) = Ga’pzu(ﬂ/ 6.p), denote by ii(a) the
Fourier transform of u, and use the filter function introduced in
Crittenden et al. (2002),

compensated filter such that

1 x2 x? A o? a?
u(x) = 7 (1 - ?) exp (—?) w(a) = 5 exp (—7) (20)

5.3. Modelling aperture mass moments

While the expectation value of the aperture mass (M, )(f,p) van-
ishes by construction, the second-order (variance) of the aperture
mass is nonzero and can be calculated as

de e .
(M) (Oup) = f 5 PuclO i (0ap).

+

@D

Equivalently, the third-order moment of the aperture statistics
(Mgp), can be computed from the convergence bispectrum via
(Jarvis et al. 2004; Schneider et al. 2005)

d*¢ d*¢
3 _ 1 2
(Map>(9ap,1, 9ap,2a 9ap,3) = Li (271_)2 - (271_)2

XBa(€1, 02, €3) W(Oap 1 €1) W(Oap 2€2) U(Oap 363), (22)

where {3 = |[£; + £;|. In the two lower panels of Fig. C.7, we
show how (Mﬁ » and (Mﬁp) react to changes in the baryonic
parameters, while all other parameters are fixed to the fiducial
parameters given in Tables 1 and 4. We divide the (M, pre-
dictions by GrO predictions, (MZP)GIO, to highlight the baryonic
effects. As expected, M, has the largest impact on both (Mgp)
and (Mgp). This baryonic parameter sets the characteristic halo
mass for which half of the gas mass is ejected by feedback, thus
regulating the quantity of gas retained in haloes. As expected,
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Table 4. Fiducial baryon parameters.

Parameter Fiducial Value
loglo(Mc/}f1 M) 14.0
log, (M, Jh~ M) 11.0
log,,(B) -0.35
log;o(17) -0.35
log,¢(Binn) -1.0

Notes. Units are shown inside the logarithmic expressions where appli-
cable; all parameters are dimensionless except for the mass terms.

the galaxy parameter M, and the inner gas slope scale 6;,, have
a larger effect on small apertures, whereas the feedback scale n
has a larger impact on larger apertures. We note that, compara-
tively, B has a significantly larger effect on (Mgp) than on (Mgp).
Looking at the cosmological parameters, we find that the depen-
dence on o7 is negligible for (Mgp), but we observe some effect
in the second-order statistics. We note that the dependence on
Q. and O, can be better captured by their ratio, {,/Q.,, which
comes from the fact that the impact of the baryon feedback, at
fixed strength, depends to zeroth order on the relative amounts
of baryons to the dark matter.

5.4. Modelling convergence correlation functions

Since the <M§p> statistics smooth much of the small scales, we
decided to add the information from the two-point correlation
function &, itself, which is defined by

dee
&(0) = f - Pull) Jo(60), (23)

2m
where Jj is the zeroth Bessel function of the first kind. In the
lower panel of Fig. C.7, we show how & reacts to changes in
the baryonic parameters. As for the (M) moments, we divide

the £, predictions by GrO predictions, £5, to highlight the role
of baryons. Similarly as for (MZP), we observe that the most
important baryonic parameters are M. and 7.

5.5. Flamingofied data vector

In this section, we describe the process of ‘flamingofying” a GrO
reference model. A flamingofied reference model of <Mgp> is
built by scaling the prediction of a GrO model at the cosmology
of the corresponding FLAMINGO simulation with the ratio of a
hydrodynamic-GrO pair of FLAMINGO simulations

' (M FLAMINGO Hydro
(M Tamingofied — ¢ p g1 \GrO < v FLAMNGOGO 24
ap
Analogously, we flamingofy the &, in the following way
' FLAMINGO,Hydro
fammgoﬁed — fGrO K (25)

K é_-FLAMINGO,GrO )
K

In Figs. 3 and 4, we show in blue the ratio Hydro/GrO of the
FLAMINGO measurements for (MZP) and &, for the L2p8_m9
scenario. Comparing these ratios to the estimated uncertainty in
grey indicates which scales are affected by baryonic effects. Fur-
thermore, we show the red dashed line as the best-fitting model
to fit the flamingofied reference model if we fix the cosmol-
ogy to D3A, where we performed a y* minimisation for each
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Fig. 3. Baryonic effects on ¢ Mﬁp) (upper panel) and on &, (lower panel),
illustrated by ratios of measurements with baryonic physics to GrO
measurements. We show with blue triangles the fiducial FLAMINGO
measurements, and the grey shaded area represents the Euclid DR1
uncertainty. We overplot with a red dashed line the best-fitting BCM
to the flamingofied data vector, found by employing our emulators with
fixed cosmological parameters.

statistic separately to find the best-fitting parameters. Our BCM
model can perfectly fit the flamingofied reference model. This is
an encouraging result for the cosmological analysis in the next
section.

We also show the effects of baryons from the FLAMINGO
description L2p8_m9 in each panel. The (Mj,) in the
FLAMINGO and Takahashi simulations are measured by apply-
ing Eq. (19), using the Healpy smoothing option. We have
decided to use aperture filter radii 6, = {2',4',8',16’,32'},
where the lower value 6,, = 2’ is constrained by the chosen pixel
resolution 0’43 of the FLAMINGO/T17 convergence maps. The
&, in the FLAMINGO and Takahashi simulations are measured
with TreeCorr (Jarvis et al. 2004), from 0’5 < 6 < 300’ in 15
logarithmic bins, where the lower edge is determined again by
the resolution of the chosen convergence maps.

6. Euclid forecasts

In this section, we perform a non-tomographic Euclid DR1 fore-
cast, where we vary the matter density Q.,, the baryon density
Qyp, the normalisation of the power spectrum o, and the five
baryonic parameters described in Sect 2.1.2. The dependence of
these parameters on (M) and the &, are already discussed in
Sect. 5 and are shown in Fig. C.7. We have not yet mentioned
that the computations of the integrals of these quantities are not
efficient enough to perform several Markov Chain Monte Carlo
(MCMC) analyses. Therefore, we decided to train another set
of emulators on top of the three-dimensional power and bispec-
trum emulators, which predict the (M) and & . We computed
the (Mj,) and the & for 2200 points distributed in a Latin hyper-
cube. We estimate the error of the emulation, by building a set
of emulators iteratively leaving out from the training 200 of the
2200 points at a time. Since the power and bispectrum are noisy
quantities themselves, their noise also propagates into the sum-
mary statistics. Furthermore, the integration to (Mgp) sometimes
fails for very squeezed configurations, because we had to limit
the number of ¢ values where we compute B,,, for the sake of

computational speed. Therefore, the emulator error accounts for
emulator noise in the summary statistics but also for noise in
the power and bispectrum estimations and their subsequent inte-
gration. We note that this procedure, however, does not account
for possible systematic errors in the emulation or integration.
The error of this emulator is less than a tenth of the uncertainty
estimated with the Takahashi et al. (2017) simulations. Although
this might be neglected, we decided to build an emulator covari-
ance matrix for correctly estimating the posterior, using the 2200
Am = m®™* — m"™ predictions and add it to the Takahashi et al.
(2017) covariance matrix as

c=Cc"7+com (26)

Since the estimated covariance matrix C is a random vari-
able itself, we follow Percival et al. (2022) to compute the Like-
lihood. Given a data vector d and covariance matrix C of rank
ng measured from n, realizations, the posterior distribution of a
model vector m(®) that depends on ng = 12 parameters is

2 -m/2
P(m(®)ld,C) « O] (1 + X 1) : 27)
ny —
where
x* =[m@®)-d]'C" [m®) - d]. (28)
The power-law index m is
n. — 1+ B(nqg — ne)
= 2 2
e e T Bl — o) 9
and B is defined as
n.—ng—2

B= . 30

(e = na— Dt —ng —4) G0
and n, = 570 is the number of realizations, ng = 8 the num-

ber of free parameters, and nq4 the rank of the covariance matrix.
Although n, for C*™ is not clearly defined, we used the same
correction for C as we used for CTV7. Lastly, we used the
nested sampler nautilus (Lange 2023) to perform the infer-
ence, employing 2000 live points. We validated the convergence
of the posteriors by comparing them with a Hamiltonian Monte
Carlo sampler and a standard Metropolis—Hastings algorithm.
To start our investigation of the impact of baryonic feed-
back, we show in Fig. 5 posteriors on the cosmological param-
eters S'g, (0, and Oy, which we obtain by analysing a synthetic
Euclid DR1 data vector built from a combination &, (Mﬁp), and

(M2p>. The investigation here is built solely using Halofit,
BiHalofit, and the BCM, which means we always know the
true input of cosmological and BCM parameters. In the first
case (black), we created a data vector using the BCM with the
parameters given in Table 4 and analysed it with the GrO model,
meaning we turned the BCM off in the modelling. This results
in a 2.50 shift in Sg. Substantial scale cuts on small scales are
required to avoid such a bias, which we show as the orange con-
tours. In terms of scales these are 8 > 8’ for &, 6,, = 32’ for
(M3,) and 0,1 € {16,32') with 6,553 = 32’ for (M;,). How-
ever, this drastically reduces the precision on Sg by 8% and by
almost 80% on Q;, compared to modelling all five BCM parame-
ters shown as the red contours. We obtain even tighter constraints
by fixing these five BCM parameters to their true values, as
shown in the blue contours. Having perfect knowledge of bary-
onic effects results in cosmological constraints almost identical
to the case where we used a GrO data vector and analysed it with
a GrO model, displayed with purple contours. We will show later
that we probably do not need to vary all five BCM parameters for
the expected Euclid DR1 uncertainty.
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Fig. 4. Same as Fig. 3 but for the (M§p> statistics. The x-axis shows different combinations of ., 1-64p2-ap.3-
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Fig. 5. Posteriors of the cosmological parameters Sg, Qn, and Qy,
analysing a synthetic Euclid DR1 joint data vector of second- and
third-order weak lensing statistics. We consider several cases. First, a
gravity-only (GrO) data vector was analysed with a GrO model (pur-
ple contours). We obtain the black contours when baryonic effects are
included in the data vector but not in the model. In orange, we illustrate
the constraints we get when all elements of the data vector are excluded
where the baryonic data vector deviates by more than 0.40 from the
GrO data vector. Lastly, we show the results if the model includes bary-
onic feedback in red and blue, where we fixed the baryon parameters to
the truth in the blue case and marginalised over all five parameters for
the red. The grey dashed line indicates the underlying D3A cosmology.

6.1. Validating the emulator on the FLAMINGO simulations

First, we use a flamingofied data vector estimated from eight
light cones of the 2.8 Gpc box that uses the fiducial baryon
description (see Sect. 5.5). This test aims to see if the combi-
nation of the three different statistics improves the constraining
power and check if the BCM is flexible enough to fit the fidu-
cial FLAMINGO simulation. The constraints on both cosmolog-
ical and baryonic parameters are shown in Fig. 6. This is one of
the main results of this paper and shows that our baryon model
can describe the modifications due to baryons while resulting
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in unbiased cosmological results for all three statistics and their
joint analysis. We note that (Mgp) yields similar constraints
as &, since both result from integrating the power spectrum,
so we decided to show only the combination. Next, we notice
that (Mip) constrains the cosmological parameters slightly bet-
ter than the second-order statistics, and furthermore helps break-
ing parameter degeneracies. Compared to Burger et al. (2024),
where second-order statistics were relatively more constraining,
we expect that this comes from the fact that we include smaller
scales with 6,, = 2’, where higher-order statistics become
more important. We do not show the ‘true’ FLAMINGO values
for the BCM parameters. These can be measured in hydrody-
namic simulations in principle; however, their measured values
are redshift-dependent. Thus, interpreting our constraints is not
straightforward since they are weighted in redshift according to
our lensing kernel. We leave for future work a thorough test of
the BCM parameter constraints, as a correct inference of bary-
onic physics is essential, for example, in cross-correlations and
multi-probes analyses.

In Fig. 7, we compare the constraining power of second-
order and third-order statistics in the Q,-Sg = 05 VQ,/0.3
plane. We highlight the different degeneracy axes of the second-
and third-order statistics, which are broken when both are com-
bined, in agreement with Semboloni et al. (2013). Therefore,
combining second- and third-order statistics increases the con-
straining power by 22% for Sg and even 50% for Q,, compared
to using second-order statistics alone. Lastly, we also show the
case where we discard all the non-equal scale filter radii 6,p.
Interestingly, these non-equal scale filter radii 6,, play an essen-
tial role in the precision and accuracy of cosmological param-
eters, since discarding them reduces the constraining power by
around 16% for Sg and Q,, compared to using all filter com-
binations. Burger et al. (2023) found that these non-equal scale
filter radii are less significant. We interpret this as non-equal
scale filter radii being important to constrain the BCM param-
eters, which in turn helps to constrain cosmological parame-
ters. Another explanation for the discrepancies with Burger et al.
(2023) could also lie in the fact that we include the 6,, = 2’ filter
and that we used a different tomographic setup.

Testing only one astrophysical scenario is insufficient to
ensure a robust cosmological inference. Therefore, we use all
baryon feedback descriptions described in Sect. 2.2. We build
flamingofied data vectors as described in Sect. 5.5. We run
an MCMC for each baryon feedback description once using
only second-order statistics &, + (Mgp) and once combining
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Fig. 6. Euclid DR1 forecast, where we used a flamingofied reference
data vector (see Sect. 5.5) estimated from the fiducial baryon description
of the FLAMINGO simulations with eight light cones of the 2.8 Gpc
box. The stated constraints correspond to the joint analysis of second-
and third-order statistics. The grey dashed line indicates the underlying
D3A cosmology.

second- and third-order &, + (Mﬁp) + (Mgl,), where we vary
all baryon parameters. We present the result as the black sym-
bols in Fig. 8, where the error bars represent the 1o uncer-
tainties estimated from the MCMC chains. The corresponding
best-fitting parameters are shown as the stars, and we notice that
the best-fitting parameters are much closer to the truth than the
mean, which might indicate non-Gaussian parameter posteriors
or significant projection effects. Remarkably, we get unbiased
cosmological results for all FLAMINGO flavours and config-
urations for both the second-order alone and the second- and
third-orders combined. This is the most important result of this
paper, as it shows that our BCM model is flexible enough to
get unbiased results for all FLAMINGO feedback variations.
This also shows that the interpolation and extrapolation of our
emulators for the BCM power spectrum and bispectrum are suf-
ficient for the current setup. We expect the emulator accuracy
requirements to be similar in a tomographic setup, such that our
emulators are ready for a Euclid-like DR1 analysis. However, a
tomographic analysis might require an explicit redshift depen-
dence on the baryonic parameters. We highlight that the three-
dimensional power spectrum and bispectrum emulators devel-
oped in this work would remain valid and could be used with
parametrised redshift dependencies without creating new train-
ing sets or emulators.

6.2. Assessing the importance of the BCM parameters

In this subsection, we exploit a wide range of feedback mod-
els of the FLAMINGO suite to assess the importance of each
BCM parameter in a cosmological analysis. We aim to find

0.30119013

(]U%p
<M?p>
B+ (M) + (M), equal 0,
.+ (MEY+ (M)

0.8203 75005

Qm 58

Fig. 7. Euclid DR1 forecast, where we used a flamingofied reference
data vector (see Sect. 5.5) estimated from the fiducial baryon description
of the FLAMINGO simulations with eight light cones of the 2.8 Gpc
box. The stated constraints correspond to the joint analysis of second-
and third-order statistics. The posteriors are the same as those used in
Fig. 6, meaning we marginalised over all BCM parameters. The stated
constraints correspond to the joint analysis of second- and third-order
statistics (blue contours). The grey dashed line indicates the underlying
D3A cosmology.

the minimal BCM model required to deliver unbiased cosmo-
logical constraints in a Euclid DR1 lensing analysis. Fewer
free parameters would help mitigate projection effects and
allow for faster convergence of the posteriors. This analysis
cannot be straightforwardly generalised to different hydrody-
namical simulations and summary statistics. Nevertheless, this
section provides us with valuable information about the most
important BCM parameters that can capture the large variety
of baryonic variations in FLAMINGO, even if care must be
taken when fixing one or more baryonic parameters in data
analyses.

To perform our test, we fix one or more BCM parameters
to the weighted average of the best-fitting parameters over all
FLAMINGO flavours and configurations, where the weights are
estimated from the 1o credible intervals of MCMC chains. We
report those values in Table 5. Next, we run an MCMC for each
scenario, and show the best-fitting values, mean and standard
deviation of the marginalised posteriors in Fig. 8. Focusing first
on &+(MZ,)+(M;,), we notice that the best-fitting values, espe-
cially for Sg, are closer to the truth than the weighted mean of the
MCMC, indicating strong projection effects. We find that fixing
M. is particularly bad in some cases, where an incorrect estima-
tion of M, results in a biased S g inference. Next, we observe that
fixing 77 leads to small biases for the strongest feedback descrip-
tions (jet fgas—4o and fgas—80). Fixing either M, or B does
result in unbiased results for all scenarios, which is not surprising
given that M, and § are unconstrained, as we can see in Fig. 6.
Fixing 5 or 6;,, also results in small biases for the LS8 cosmol-
ogy. Next, we test fixing all BCM parameters except M, and 7.

A170, page 11 of 25



Burger, P. A., et al.: A&A, 705, A170 (2026)

} all BOM parameters free b fixed M. b fixed n vary only M. & n
&+ M;Zp> +( ]\/[Ep> b fixed My b fixed B fixed Gy i vary only M,
000 bbb gt A g bbb g e b
ﬁjgé Hi *%’*m*wﬁ"#%’—iﬁ—f—*%ﬂ*—»%%‘%’# bbbt L e M ﬁﬁﬁw% b M
s Eﬁéu AR TREN LT PR T T AR IR T *W"H’l S TNTIN NI nﬁﬁ L %ﬁ"?ﬁ HTRII
S et e TAeked, i 10 e o AN 5
Eavt A A ol Rl Sl R R Sl Al A A il R A
Z%E(;gmﬁ Yol «#ﬁﬁ gk ??ﬁm; ok defriokok] dok ook ok dokokodok] ok ek dok *ﬁﬁ ik e *ﬁwﬁ w#ﬁf hﬁﬁg "
i i il Ty $1
T e TR PT R Ry 7 g
3ol by WL s Bk b b e L bl i
<Vl B pe ml e g p e e BT e b B e
o OO’QS V\@ xéo \\§ 2 S5 M 2 e ¢ A HS &
N2 > v DO R ST ST S 65@? ékéé?% %co&é‘f &
§/ N NS

FLAMINGO Identifier

Fig. 8. Estimated weighted mean (triangles) and 68% credible intervals from the MCMC chains for all FLAMINGO models described in Sect. 2.2.
Since the LS8 and Planck cosmology is different we plot AQ,, = Q' — QU and in analogy AS g and AQ,. The different colours show cases where
parameters are fixed. The stars indicate the best-fitting parameters resulting from a minimisation process that returns the lowest y?. The figure is
for &, + (Mﬁp) + (Mgp). The corresponding figure for &, + (Mgp) is shown in Fig. C.6.

Table 5. Weighted average of the BCM best-fitting parameters over all
FLAMINGO simulations considered in this work.

2+43pt Analysis  2pt Analysis
log,o(M:/h™' M) 14.09 14.57
log,o(M/h™! Mg) 12.26 12.08
log;o(8) 0.35 -0.43
log,o(1n) -0.32 —-0.42
10g,(Binn) —-0.54 —0.34

We get unbiased results for all FLAMINGO flavours, except the
Jet flavour shows 1o shift for the Q, parameter. When fixing
all the BCM except M., the effect on the Jet feedback descrip-
tion is enhanced. We note that varying only one or two BCM
parameters results in much better-constrained cosmological
parameters. If the baryonic feedback inferred from future obser-
vations will be consistent with the FLAMINGO descriptions that
were tested here, it is probably sufficient for current Stage-III and
first data releases of Stage-IV surveys to vary only M. and 7, or
even only M.. Lastly, we notice that varying parameters such as
M might not influence the estimation of cosmological param-
eters, but can play a vital role in constraining other BCM, such
as M..
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Focusing now on the difference between &, + (M3,) + (Mz,)
and &, + (Mip), which we show in Fig. C.6, we see a huge differ-
ence in constraining power, particularly for Q,, and some of the
BCM parameters such as M.. We note here that for &, + (M§p>
we use the best-fitting parameters obtained from &, + (Mgp)
itself, which are also listed in Table 5. Furthermore, we observe
an enhancement in the scatter of the best-fitting parameters for
& + (Mﬁp), which indicates stronger projection effects. The
reason is that the (Mgp) part of the data vector helps to con-
strain the BCM parameters, which in turn reduces the projection
effects. Lastly, we notice the gain in fixing all BCM parame-
ters except M. is greater if we include (Mip) to the data vec-
tor. The reason is that (sz) significantly helps to constrain the
M, parameter, which in turn helps to constrain cosmological
parameters.

7. Conclusions

This paper presents novel emulators for modelling the baryonic
effects on the matter bispectrum and power spectrum, developed
using high-resolution cosmological simulations. These emula-
tors are designed to accurately predict the impact of baryonic
processes such as gas cooling, star formation, and feedback
from star formation and AGN on the matter power spectrum and
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bispectrum across a wide range of scales, redshifts, and cosmo-
logical scenarios. The ability to model these effects is crucial
for large-scale structure surveys, such as Euclid, which aims to
extract cosmological information from the nonlinear regime of
structure formation.

To construct the emulators, we exploit the high-resolution
BACCO N-body simulations, which were post-processed to
explore different cosmological scenarios using a cosmology
rescaling algorithm. Since direct hydrodynamical simulations
are computationally expensive, we incorporated baryonic effects
such as gas cooling, star formation, and AGN feedback using
the baryonification framework. This approach modifies the mat-
ter distribution in gravity-only simulations, effectively mim-
icking the impact of baryonic processes while maintaining
computational efficiency.

Using a GPU-accelerated estimator, we then measured the
matter power spectrum P(k) and bispectrum B(ky, k>, k3) across
a wide range of scales down to kpax < ZOhMpc_l, with shot
noise contribution carefully subtracted. The resulting measure-
ments formed the training set of our emulators.

We trained deep neural networks to emulate the baryon cor-
rection model of the power spectrum, S (k) = Prydro(k)/ Pgro(k),
and bispectrum R(k1, k2, k3) = Buydro(k1, k2, k3)/Baro(ki, k2, k3),
where ‘Hydro’ refers to hydrodynamical simulations and ‘GrO’
to Gravity-only simulations. The training dataset consisted of
1200 simulations, sampled using a Latin Hypercube across five
baryonic and three cosmological parameters.

Our emulator is flexible enough to fit the state-of-the-
art hydrodynamic FLAMINGO simulations and get unbiased
cosmological results. It successfully captures the baryonic sup-
pression of second- and third-order weak lensing statistics across
various configurations and scales. This validation underscores
the reliability of the emulator as a computationally efficient
alternative to running full hydrodynamical simulations, which
are prohibitively expensive for exploring the extensive parame-
ter space required by surveys such as Euclid. We note that the
expected accuracy of cosmology scaling+baryonification for the
power spectrum is approximately 1% and 3% for the bispectrum,
such that the emulator serves as an alternative to hydrodynami-
cal simulations as long as the statistical uncertainty of the data
dominates over the modelling error.

Using the emulator, we provided forecasts for the impact of
baryonic effects on the matter power and bispectrum measured
by Euclid. Our results highlight the importance of incorporating
baryonic corrections when analysing future LSS data. Neglect-
ing these effects could either lead to biased constraints on cos-
mological parameters of the order of 30~ in Sg or to a significant
reduction of the constraining power by up to 80% for Q,, if
the scales affected by baryons are excluded. Both cases would
be fatal for the high-precision measurements Euclid is aiming
to deliver. By modelling these effects accurately, our emulator
allows for more robust cosmological analyses and ensures that
Euclid can achieve its scientific objectives.

We plan to assess the emulators’ accuracy against currently
extrapolated scales in future work. This requires larger sim-
ulations and more resources to measure spectra from large
grids. We also plan to employ our baryonification emulators
to extend the forecast presented in this work to a mock Euclid
tomographic analysis. Finally, it would be interesting to vali-
date with hydrodynamical simulations not only the constraints

on cosmological parameters, but also the inferred baryonic
parameters.

Data availability

The emulators developed in this work are publicly available at
https://baccoemu.readthedocs.io/en/latest/.
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Appendix A: Accuracy of bispectrum measurement
code

To validate our bispectrum measurement code, we compare it to
the established code bskit (Scoccimarro 2000; Foreman et al.
2020), which uses nbodykit (Hand et al. 2018). It implements
the same algorithm as BiG (Linke 2024) but uses no GPU accel-
eration. We show in Fig. A.1 the relative difference of the BiG
and bskit estimates for the bispectrum of an example simula-
tion with boxsize L = 512h~'Mpc and grid size N = 512. The
difference is at the numerical precision level, with no deviation
being larger than 2 x 107%.

Appendix B: Additional accuracy plots of the
bispectrum correction model

This section shows two additional plots that illustrate the accu-
racy of BCM bispectrum emulator. While in Fig. B.1 we show
the flattened and concatenated measurements from all three fold-
ing, we show in Fig. B.2 the same as a three-dimensional scatter
plot.

Appendix C: Parameter dependence

In this appendix, we explore further the dependences of two- and
three-point statistics on both cosmological and baryonic param-
eters. We begin in the upper panel of Fig. C.1, with the depen-
dence of the power spectrum ratio, S(k) = PHd°/pGO_ op
baryonic feedback effects. In the lower panels of Figs. C.1 and
C.2, we then show the dependence of bispectra ratio, R(k) =
BWdro /BGrO for three different k configurations. Here we espe-
cially see that setting R(k;, kz,k3) = 1 if one k; < kpyi, might
result in biased results.

In Figs. C.3 and C.4, we display the dependence of power
spectrum and bispectrum on the BCM parameter 6, and
Min,. We apply the same baryonification, compatible with the
FLAMINGO suite, to pairs of N-body simulations which vary
one cosmological parameter at a time, in a wide range displayed
in the legend. We note that, for simplicity, we use a simple linear
interpolation and do not remove noisy measurements. However,
this does not affect our conclusions. The dependence of 6, and
My, is significantly smaller compared to other BCM parame-
ters, such as M; or . Given their subdominant contribution, we
decided to fix Oy = 1 and Mip, = 2.3 x 1013 b~ M.

Furthermore, we show in Fig. C.5 the dependence of S (k)
and R(k) on cosmological parameters. To do so, we apply the
baryonification with a fixed set of baryonic parameters to a set
of N-body simulations, where one cosmological parameter at
a time is varied. We find that, analogously to the results with
the power spectrum obtained by Arico et al. (2021a), Q, and
Q, are the most significant, followed by 0. The other param-
eters, including A, ng, £m,, wo, w,, have a smaller impact than
the nominal accuracy of the cosmological scaling, and thus we
do not model them. Lastly, we show in Fig. C.6 the equivalent
to Fig. 8 but for second-order statistics alone, and in Fig. C.7 the
dependence of the three measured weak lensing statistics on the
effects of baryonic feedback.
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Fig. A.1. Relative difference of bispectrum estimate by our measurement code BiG and bskit for an example simulation. Left: For equilateral
triangles, Right: for all triangle configurations

0.10 - : - : -
Fold 1 i Fold 2 i Fold 4

0.051 ’ i
g k-
& 0.00
4 O 05 j------- _} 9--%- - -i - i

U . 63%
—0.10 ' - ' = ' '
0 200 400 600 800 1000 1200

k-combinations —

Fig. B.1. Accuracy of the emulator for baryonic effects on the matter bispectrum. The y-axis is defined as AR(k) = R*™/R"™° — 1, where R(k) =
Bgcm(k)/ Bgro(k). Here, we flattened and concatenated the three folding. The horizontal dashed lines show the 2% region.
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Fig. B.2. Similar to Fig. B.1, but now illustrated as a three dimensional scatter plot.
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Fig. C.1. In this figure, we show the power spectrum’s dependence on baryonic feedback effects in the three upper rows. In the bottom three rows,
we show the dependence of the bispectrum for k; = k, = k3.
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Fig. C.2. The same as the bottom three rows of Fig. C.1 but for two different settings of k; as indicated on the y-axis.
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Fig. C.5. Dependence of the S (k) and R(k) on cosmological parameters. Here, we plot the ratio between each parameter’s lowest and largest
values, as indicated in the legend.
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Fig. C.6. Same as Fig. 8 but second-order statistics alone. The triangles with error bars are estimated from the MCMC chains for all FLAMINGO
models described in Sect. 2.2. Since the LS8 and Planck cosmology is different we plot AQ,, = Q%' — Q' and in analogy ASg and and AQ;,. The
different colours show cases where parameters are fixed. The stars indicate the best-fitting parameters resulting from a minimisation process that
returns the lowest y*. The corresponding figure for & + (M3,) + (M3,) is shown in Fig. 8.
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