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A B S T R A C T 

Upcoming large-scale structure surv e ys will measure the matter power spectrum to approximately per cent level accuracy with the 
aim of searching for evidence for new physics beyond the standard model of cosmology. In order to a v oid biasing our conclusions, 
the theoretical predictions need to be at least as accurate as the measurements for a given choice of cosmological parameters. 
Ho we ver, recent theoretical work has shown that complex physical processes associated with galaxy formation (particularly 

energetic feedback processes associated with stars and especially supermassive black holes) can alter the predictions by many 

times larger than the required accuracy. Here we present SP(k) , a model for the effects of baryon physics on the non-linear 
matter power spectrum based on a new large suite of hydrodynamical simulations. Specifically, the ANTILLES suite consists 
of 400 simulations spanning a very wide range of the ‘feedback landscape’ and show that the effects of baryons on the matter 
power spectrum can be understood at approaching the per cent level in terms of the mean baryon fraction of haloes, at scales of 
up to k � 10 h Mpc −1 and redshifts up to z = 3. For the range of scales and redshifts that will be probed by forthcoming cosmic 
shear measurements, most of the effects are driven by galaxy group mass haloes ( M ∼ 10 

13–14 M �). We present a simple PYTHON 

implementation of our model, available at https://github.com/jemme07/pyspk, which can be used to incorporate baryon effects 
in standard gravity-only predictions, allowing for marginalization o v er baryon physics within cosmological pipelines. 

Key words: cosmology: theory – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

easurements of the growth of large-scale structure (LSS) provide 
n important test of our cosmological theoretical framework (Bond, 
fstathiou & Silk 1980 ; Peebles 1980 ; Davis et al. 1985 ; Kaiser
987 ; Peacock & Dodds 1994 ). They are independent of, and
omplementary to, constraints from analyses of fluctuations in the 
osmic microwave background (CMB) and geometric probes, such as 
ype Ia supernovae (SNe) and baryon acoustic oscillations. The dif- 
erent LSS tests (e.g. galaxy clustering, Sun yaev–Zel’do vich power 
pectrum, cosmic shear, CMB lensing, redshift-space distortions, 
tc.) characterize the clustering of matter on different scales and 
ts evolution o v er cosmic time. On the largest scales where the
uctuations are small and gravity is the sole force of rele v ance,
erturbation theory is sufficiently accurate to calculate the clustering 
f matter. Ho we ver, at present most LSS tests probe well into the non-
inear regime, since that is typically where most of the observational 
ignal and much of the cosmological sensitivity originates (e.g. 
mon & Efstathiou 2022 ). The standard approach is therefore to 

dopt the (semi-)analytical ‘halo model’ formalism (Ma & Fry 2000 ; 
eacock & Smith 2000 ; Seljak 2000 ; Cooray & Sheth 2002 ; Smith
t al. 2003 ; Mead et al. 2016 ; Acuto et al. 2021 ), which is often
 E-mail: J.SalcidoNegrete@ljmu.ac.uk (JS); I.G.McCarthy@ljmu.ac.uk 
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rovided the original work is properly cited. 
alibrated using aspects of large N -body cosmological simulations, 
r to use such N -body simulations to directly correct linear theory
n an empirical fashion (e.g. Takahashi et al. 2012 ; Heitmann et al.
016 ; Lawrence et al. 2017 ; DeRose et al. 2019 ; Euclid Collaboration
019 ; Angulo et al. 2021 ). 
These approaches would be fully adequate if the matter in the

niverse were composed entirely of dark matter. However, baryons 
ontribute a non-negligible fraction of the matter density ( �b / �m 

≈
.157 ± 0.001; Planck Collaboration VI 2020 ) and work based on
osmological hydrodynamical simulations has shown that feedback 
rocesses associated with galaxy formation can have a relatively 
arge effect (typically many times larger than the statistical precision 
f upcoming surv e ys) on the matter distribution on scales of up to
 few tens of megaparsecs (van Daalen et al. 2011 ; Schneider &
eyssier 2015 ; Mummery et al. 2017 ; Springel et al. 2018 ; van
aalen, McCarthy & Schaye 2020 ). It is therefore crucially important 

hat we model these effects as accurately as possible, as they will
ntroduce significant biases in the inferred cosmological parameters 
rom upcoming surv e ys if no action is taken (e.g. Semboloni et al.
011 ; Schneider et al. 2020 ; Castro et al. 2021 ; Debackere, Schaye &
oekstra 2021 ). 
One way to tackle this challenging problem is to modify the

ravity-only predictions with simple analytical prescriptions for 
aryon physics that have some number of associated free parameters 
nd to jointly constrain the cosmological and feedback parameters 
hrough comparisons to LSS observables. Examples of this approach 
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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nclude the halo model HMCODE of Mead et al. ( 2016 ) (see also
ead et al. 2021 ) or the ‘baryonification’ method of Schneider &

eyssier ( 2015 ), Aric ̀o et al. ( 2021 ) and Giri & Schneider ( 2021 ),
hich directly modifies the outputs of gravity-only simulations by

djusting the radial position of particles within haloes in order to
imic the effects of baryons on small scales. Some of the strengths

f these approaches include (i) they are considerably computationally
heaper than running full cosmological hydrodynamical simulations;
ii) the baryon prescriptions are generally flexible and easy to
djust; and (iii) they can be straightforwardly incorporated within
xisting pipelines based on gravity-only simulations or the halo
odel. 
Recent cosmic shear surv e ys hav e employed these methods in an

ttempt to account for and measure, baryonic effects. For example,
he fiducial Kilo Degree Survey (KiDS) analysis employs a halo
odel prescription where the effects of baryons are incorporated

y marginalizing o v er a phenomenological ‘bloating’ parameter that
odifies the concentrations of dark matter haloes (e.g. Asgari et al.

021 ; Heymans et al. 2021 ; Tr ̈oster et al. 2021 ). The Dark Energy
urv e y (DES) has taken a different approach, by introducing scale
uts to remo v e small-scale measurements that are most affected by
aryonic effects (e.g. DeRose et al. 2019 ; Krause et al. 2021 ; Amon
t al. 2022 ; Secco et al. 2022 ). This approach is moti v ated by the
oncern that errors in the modelling of baryonic effects could lead
o biased cosmological parameter estimates. Ho we ver, introducing
cale cuts comes at the expense of losing valuable information on
mall scales, which can be important for constraining cosmological
arameters and testing extensions to the standard model. More
ecently, the full DES data (including small-scale measurements)
ave been reanalysed using the baryonification approach to account
or the impact of baryon physics (Aric ̀o et al. 2023 ; Chen et al. 2023 ).
oth the reanalysis of the DES data and a recent joint analysis of
iDS cosmic shear and Sun yaev–Zel’do vich effect data (Tr ̈oster

t al. 2022 ) using a more physical halo model (Mead et al. 2020 )
etect the impact of baryon physics even in current data at the
pproximately 2 –3 σ level. These studies conclude that the implied
evel of suppression of the power spectrum is consistent with the
redictions of recent calibrated hydrodynamical simulations such as
AHAMAS (see below). 
While the halo model and baryonification approaches have some

mportant strengths, there are also some disadvantages to these
ethods. Particularly, the modelling of baryon physics and its back

eaction on dark matter is simplistic and generally not self-consistent
nd that there may be non-ne gligible de generacies between the
arious baryonic ‘nuisance’ parameters themselves and also between
hose parameters and the cosmological parameters being varied.

arginalization o v er the uncertain baryon physics may therefore lead
o a significant degradation of the cosmological constraining power.
f course, cosmological hydrodynamical simulations also have

djustable free parameters (as discussed immediately below), but the
esulting diversity of outcomes in terms of the matter clustering is
ikely to be more constrained in hydrodynamical simulations than
imple empirical models would allow. F or e xample, the baryon
raction–halo mass relation cannot be arbitrarily steep in simulations
ecause high-mass objects are assembled from the accretion of lower
ass objects (e.g. Balogh et al. 2008 ) and haloes can recapture

as as they grow, too. Also, naturally emerging conditions such
s conv ectiv e and virial equilibrium place constraints on the radial
istribution of matter within haloes, and so on. The upshot is
hat we expect many of the parameters that characterize mass
istributions of groups and clusters to be physically correlated rather
han independent of each other. 
NRAS 523, 2247–2262 (2023) 
Full cosmological hydrodynamical simulations could therefore be
mployed as a means of self-consistently incorporating the impact
f baryons on LSS when constraining cosmology. Ho we ver, this
as so far not pro v ed possible due to their computational expense,
oting that a typical MCMC chain in cosmology can require
10 5 e v aluations whereas currently available suites of simulations

ypically only contain a handful of realizations. Furthermore, a major
bstacle in directly simulating the impact of baryon physics on the
atter clustering is that current simulations do not resolve all of

he physical scales necessary to capture such processes in an ab
nitio way . Consequently , so-called subgrid models are required to
nclude these effects and they often have considerable uncertainties,
hich are not unlike the uncertainties in simple baryon models
iscussed abo v e (although the impact of subgrid models is often
ounded by physical constraints, whereas the empirical models
ay not be, as discussed abo v e). Indeed, previous simulation work

as shown that variations of the parameters associated with the
fficiencies of feedback processes even within plausible bounds can
ead to relatively large differences in the predicted properties of
alaxy groups and clusters (e.g. Puchwein, Sijacki & Springel 2008 ;
cCarthy et al. 2010 ; Le Brun et al. 2014 ; Planelles et al. 2014 ;
ppenheimer et al. 2021 ) which dominate the matter clustering

van Daalen & Schaye 2015 ; Mead et al. 2020 ). A consequence
f these variations in the predicted properties of groups/clusters is
elatively large study-to-study variations in the predicted impact
f baryons on the matter power spectrum (see the simulation
omparisons in Chisari et al. 2019 ; van Daalen et al. 2020 ), in spite
f the simulations being more constrained than phenomenological 
odels. 
As discussed recently in Oppenheimer et al. ( 2021 ), the varia-

ions in the predicted properties of groups/clusters and the impact
f baryons on the matter power spectrum from hydrodynamical
imulations in the literature is not unexpected. It is a consequence of
ot being able to derive the efficiencies for the relevant feedback
rocesses from first principles (see discussion in Schaye et al.
015 ). The efficiency of feedback in simulations must therefore
enerally be calibrated in order to ensure they reproduce particular
bserved quantities, after which the realism of the simulations
ay be tested against independent quantities. The approach of the
AHAMAS programme (McCarthy et al. 2017 , 2018 , see also the

ecent FABLE simulations; Henden et al. 2018 ; Henden, Puchwein &
ijacki 2020 ), was to explicitly calibrate the feedback efficiencies
o that they reproduce the observed baryon fractions of galaxy
roups. Aside from an explicit dependence on the universal baryon
raction (White et al. 1993 ), �b / �m 

, which is tightly constrained
y the CMB, the baryon fractions of groups should be insensitive
o changes in cosmology and therefore represents a fairly ideal
uantity on which to calibrate the feedback. Note also that since
he growth of fluctuations is fundamentally a gravitational process,
y ensuring the simulations have the correct baryon fractions on
he scale of groups/clusters, the impact of baryons on P ( k ) ought
o be strongly constrained by this approach. van Daalen et al.
 2020 ) have recently confirmed this simple picture by demonstrating
hat the differences in the predicted impact of baryons on the
resent-day P ( k ) from different simulations can be understood at
pproximately the per cent level up to k ≈ 1 h Mpc −1 in terms of
he differences in baryon fraction in the various simulations at a

ass scale of ∼10 14 M �. We highlight here that the simulations
nalysed in that study varied by more than a factor of a thousand
n mass resolution, used different hydro solvers and subgrid physics
mplementations, assumed different baseline cosmologies, and some
specifically BAHAMAS ) varied the initial conditions to explore
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Table 1. The cosmological parameters for the simulations used 
in this study. We adopt a flat � CDM cosmology with WMAP 
9-year-based cosmological parameters (Hinshaw et al. 2013 ). 
�m 

, �� 

, �b are the average densities of matter, dark energy, 
and baryonic matter in units of the critical density at redshift 
z = 0; H 0 is the Hubble constant, σ 8 is the square root of 
the linear variance of the matter distribution when smoothed 
with a top-hat filter of radius 8 h −1 cMpc, and n s is the scalar 
power-la w inde x of the power spectrum of primordial adiabatic 
perturbations. 

Cosmological parameter Value 

�m 

0 .2793 
�� 

0 .7207 
�b 0 .0463 
h ≡ H 0 / (100 km s −1 Mpc −1 ) 0 .7 
σ 8 0 .821 
n s 0 .972 
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1 Unless otherwise stated, throughout the paper masses are specified in M �
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he potential impact of cosmic variance. None of these variations 
ere found to significantly affect the impact of baryons on P ( k )

fter differences due to the group baryon fractions were factored 
ut. 
The results of van Daalen et al. ( 2020 ) are very promising and po-

entially offer a path forward for incorporating the impact of baryons 
n the matter power spectrum from cosmological hydrodynamical 
imulations. Note that with a mapping between the baryon fraction 
nd the impact of baryons P ( k ), there is no longer a necessity to
alibrate the hydrodynamical simulations to high precision to match 
ome particular data set. Instead, one can properly account for the 
ncertainties in the feedback/subgrid effects on P ( k ) by, for example,
onserv ati vely marginalizing over the uncertainties in the observed 
aryon fractions. Furthermore, with a simple mapping, the correction 
o the gravity-only clustering could be straightforwardly included in 
osmological pipelines because it can be rapidly e v aluated. Ho we ver,
efore these aims can be achieved a number of limitations must
rst be o v ercome. First and foremost, the quantitative link between
alo baryon fraction and the suppression of the power spectrum 

ust be established for a wider range of models. van Daalen et al.
 2020 ) used a small number ( ≈10) of publicly available simulations
hich likely do not bracket the full range of possible behaviours. 
urthermore, the mapping between baryon fraction and P ( k ) was
stablished only at z = 0 and up to a maximum wavenumber of k ≈
 h Mpc −1 , both of which are insufficient for current and future LSS 

ests. 
In this study, we o v ercome these limitations by presenting a new

arge suite of cosmological hydrodynamical simulations designed 
pecifically to build a mathematical model for the suppression of 
he matter power spectrum with the baryon fractions of galaxy 
roups as its input. The ANTILLES suite contains 400 cosmological 
ydrodynamical simulations that vary both the important parame- 
ers that characterize the efficiencies of stellar and active galactic 
ucleus (AGN) feedback in the simulations as well as the employed 
ydrodynamics scheme, and span an unprecedentedly wide range of 
ehaviours in terms of baryon fractions and P ( k ) modifications. We
evelop a model that can reproduce the effects of baryons on P ( k )
o typically better than ≈2 per cent precision up to k = 10 h Mpc −1 

ut to a redshift of z = 3. 
This study is structured as follows. In Section 2 , we describe the

ew suite of cosmological hydrodynamical simulations. In Section 3 , 
e present SP(k) , an empirical model that provides the mapping 
etween the observable baryon fractions of groups/clusters and the 
uppression of the matter power spectrum, P ( k ). In Section 4 , we
est SP(k) against the independent BAHAMAS simulations. In 
ection 5 , we discuss some limitations of this work and in Section 6
e summarize our findings. 

 SIMULATION S  

o quantify the potential impact of baryon physics on the non- 
inear matter power spectrum, our simulations must satisfy a number 
f requirements. First, the simulated volumes must be sufficiently 
arge to contain a representative sample of the haloes that contribute 

ost significantly to the matter power spectrum. They must also 
e of sufficiently high resolution to resolve the range of scales 
 v er which cosmological measurements are made and so that we
esolve the locations of important feedback processes (specifically, 
he simulations contain the haloes from which the majority of 
he energetic feedback originates). Finally, we need to explore a 
ide range of feedback possibilities, which we dub the ‘feedback 

andscape’, such that key properties such as the baryon fractions 
stellar and gas fractions) span a wide range and conserv ati vely
racket current and hopefully future observational constraints. 

With these requirements in mind, we have created a new bespoke
uite of 400 simulations, the ANTILLES suite. Each simulation has 
 box size of 100 Mpc h −1 on a side, which van Daalen et al. ( 2020 )
ave shown is sufficiently large to capture the relative effects of
aryons on the matter power spectrum (see their appendix A). Our
imulations adopt the same mass resolution as BAHAMAS, which 

cCarthy et al. ( 2017 , 2018 ) have shown is sufficiently high for
arious LSS tests (see also appendix A of van Daalen et al. 2020 ).
hus, each simulation has 256 3 baryon and dark matter particles 

each), corresponding to (initial) masses 1 of m g = 1.09 × 10 9 M � and
 dm 

= 5.51 × 10 9 M �, respecti vely, gi ven our choice of cosmology
below). The gravitational softening is fixed to 4 h −1 kpc in physical
oordinates below z = 3 and in comoving coordinates at higher
edshifts. 

We adopt a flat � CDM cosmology consistent with the WMAP
-year results (Hinshaw et al. 2013 ). The cosmological parameters 
sed in these simulations are listed in Table 1 . As we focus on the
elative impact of baryons on the matter power spectrum, we do
ot expect the precise choice of cosmology to be important for our
urposes. We nevertheless discuss the possible dependence of our 
esults on cosmology in Section 5 . 

The Boltzmann code CAMB 

2 (Lewis, Challinor & Lasenby 2000 ) 
as used to compute the transfer functions which were supplied to
 modified version of the N-GENIC 

3 code to include second-order 
agrangian Perturbation Theory to create the initial conditions at a 
tarting redshift of z = 127. When producing initial conditions for
ydrodynamical simulations, we use the separate transfer functions 
omputed by CAMB for each individual component (i.e. baryons and 
ark matter). Similarly, in order to a v oid any offset in the amplitude
f the matter power spectrum of the hydro simulations with respect to
heir dark matter-only counterpart at large scales, for the dark matter-
nly version of the simulations, we generated two separate fluids, 
ne with the dark matter transfer function and the other with the
aryon transfer function (Valkenburg & Villaescusa-Navarro 2017 ; 
an Daalen et al. 2020 ). Additionally, the same random phases were
sed to generate each set of initial conditions. Hence, comparisons 
MNRAS 523, 2247–2262 (2023) 
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Table 2. Subgrid parameters varied in this study. v w and ηw 

are the wind velocity and mass-loading factor used in the 
kinetic wind stellar feedback model as per Dalla Vecchia & 

Schaye ( 2008 ). � T heat is the temperature increase of gas 
particles during BH feedback events, and n heat is the number 
of neighbouring gas particles to be heated. n ∗H , BH is the density 
threshold abo v e which the BH accretion rate is boosted in the 
Booth & Schaye ( 2009 ) accretion model due to the lack of 
resolution of the cold gas phase at high densities. 

Parameter Range 

v w (km s −1 ) [50, 350] 
ηw [1, 10] 
log 10 ( � T heat [K]) [7, 8.5] 
n heat [1, 30] 
log 10 ( n 

∗
H , BH [ cm 

−3 ]) [ −3, −1] 

T  

h  

(  

e  

F  

f  

n  

o  

s  

o  

r  

f  

a  

r  

l  

f  

d  

d  

t  

2  

2  

d  

g  

r  

b  

l  

h  

b  

G  

r
 

L  

o  

s  

u  

s  

a  

T
 

a  

0  

e  

N  

t  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/2247/7165765 by Liverpool John M
oores U

niversity user on 15 June 2023
ade between the different simulations are not subject to cosmic
ariance complications. 

The simulation suite was run with a modified version of the
ADGET- 3 smoothed particle hydrodynamics (SPH) code (last de-
cribed by Springel 2005 ) and includes a full treatment of gravity
nd hydrodynamics. Specifically, we use version of GADGET-3 that
as modified for the EAGLE project (Schaye et al. 2015 ). 
In order to examine the potential effects of different hydrodynamic

chemes, the ANTILLES suite comprises a set of simulations that use
he standard GADGET fla v our of SPH, as well as set that uses the more
ecent state-of-the-art ANARCHY formulation. The impro v ements
ithin ANARCHY include the use of the pressure–entropy formulation
f SPH derived by Hopkins ( 2013 ), the artificial viscosity switch from
ullen & Dehnen ( 2010 ), an artificial conduction switch similar to

hat of Price ( 2008 ), the C 2 kernel of Wendland ( 1995 ), and the
ime-step limiters of Durier & Dalla Vecchia ( 2012 ). 

Important non-gravitational processes, such as stellar and AGN
eedback, that are not resolved by the simulations are implemented as
ubgrid physical models. A full description of these subgrid models
an be found in Schaye et al. ( 2015 ). In summary: 

(i) Radiative cooling and photoheating are implemented element
y element as in Wiersma, Schaye & Smith ( 2009a ), including the 11
lements found to be important, namely, H, He, C, N, O, Ne, Mg, Si,
, Ca, and Fe. Hydrogen reionization is implemented by switching
n the full Haardt & Madau ( 2001 ) background at redshift z = 7.5. 
(ii) Star formation is implemented stochastically following the

ressure-dependent Kennicutt–Schmidt relation as in Schaye &
alla Vecchia ( 2008 ). Abo v e a density threshold n ∗H = 0 . 1 cm 

−1 ,
hich is designed to track the transition from a warm atomic to an
nresolved cold molecular gas phase (Schaye 2004 ), gas particles
ave a probability of forming stars determined by their pressure. We
se a single fixed density threshold for these simulations, as opposed
o a metallicity-dependent threshold in EAGLE. 

(iii) Time-dependent stellar mass loss due to winds from massive
tars and asymptotic giant branch stars, core collapse SNe and Type
a SNe, is tracked following Wiersma et al. ( 2009b ). 

(iv) Stellar feedback is implemented using the kinetic wind model
f Dalla Vecchia & Schaye ( 2008 ), which differs from the thermal
mplementation used in EAGLE. This is moti v ated by resolution
onsiderations, particularly that relative high resolution is required
or efficient thermal feedback due to its stochastic implementation.

e instead adopt a kinetic implementation, as also adopted in
AHAMAS. 
(v) Seed black holes (BHs) of mass M = 1 × 10 6 M � are placed

n haloes with a mass greater than 2.75 × 10 11 M � (corresponding
o ≈50 DM particles) and tracked following the methodology of
pringel, Di Matteo & Hernquist ( 2005 ) and Booth & Schaye ( 2009 ).
nce seeded, BHs can grow via Eddington-limited gas accretion, at
 rate which is proportional to the Bondi–Hoyle–Lyttleton rate, as
ell as through mergers with other BHs following Booth & Schaye

 2009 ). 
(vi) Feedback from AGNs is implemented following the stochastic

eating scheme. A fraction of the accreted gas on to the BH is
eleased as thermal energy with a fixed heating temperature into the
urrounding gas following Booth & Schaye ( 2009 ). 

In order to explore a wide feedback landscape that brackets current
bservational constraints (with their associated uncertainties) on the
tellar and gas fractions, we systematically vary the main subgrid
arameters go v erning the efficiencies of stellar and AGN feedback. In
articular, the galaxy (star) formation efficiency is quite sensitive to
ariations of the wind velocity ( w ) and mass-loading ( ηw ) parameters.
NRAS 523, 2247–2262 (2023) 
hese parameters have a significant effect on the star formation
istories of galaxies and the shape of the galaxy stellar mass function
GSMF), especially at the low-mass end where stellar feedback is
xpected to dominate (e.g. Schaye et al. 2010 ; McCarthy et al. 2017 ).
or AGN feedback, the two main parameters that determine how
requent and energetic the feedback events are, are the number of
eighbouring gas particles to heat ( n heat ) and the temperature increase
f such particles ( � T heat ). In particular, changes in � T heat have a
ignificant impact on the gas mass fraction of groups and clusters
f g alaxies (McCarth y et al. 2017 ), which can be understood by
ecognizing that the likelihood of significant gas ejection will be
a v ourable if � T heat � T vir . Finally, in the Booth & Schaye ( 2009 )
ccretion model implemented in the simulations, the ‘boost factor’, α,
elative to pure Bondi–Hoyle accretion is a power-law function of the
ocal density for gas abo v e a pivot point, n ∗H , BH , which is set to the star
ormation threshold n ∗H = 0 . 1 cm 

−3 , as the simulations resolve lower
ensities, where no cold, molecular gas phase, is expected. At higher
ensities, the simulations lack the cold gas phase, which would boost
he Bondi–Hoyle rate due to its sound speed dependence (Schaye
004 ; Booth & Schaye 2009 ). We set the power-law exponent to β =
 for high densities, and the boost factor is set to go to unity at low
ensity, where the simulations are well resolv ed. Nev ertheless, for
as at 10 4 K, at the particle resolution of the simulations, we only
esolve the Jeans length for densities < 10 −3 cm 

−3 . Hence, we explore
oosting the accretion rate at lower densities to compensate for the
ack of resolution. We find that changing the pivot point, n ∗H , BH , can
ave a significant impact at the mass-scale at which AGN feedback
ecomes ef ficient, ef fecti vely changing the shape of the knee of the
SMF. The five parameters varied in this study, with their respective

ange of values, are provided in Table 2 . 
In order to ensure a full parameter space co v erage, we employed a

atin hypercube sampling with multidimensional uniformity devel-
ped by Deutsch & Deutsch ( 2012 ). We used 200 nodes to uniformly
ample the parameter space. Finally, we ‘mirrored’ these 200 sim-
lations using the exact same subgrid physics implementation and
ampled parameters, but using a standard GADGET flavour of SPH,
s opposed to the more recent state-of-the-art ANARCHY formulation.
his gives a total of 400 simulations in the ANTILLES sample. 
The GSMF, median gas fraction, and median total baryon fraction

s a function of halo mass spanned by the simulations at redshift z =
.125 is shown in Fig. 1 . The figure sho ws ho w our parameter space
xploration easily brackets the current observational constraints.
ote that when comparing the simulations to the observations in

he middle panel (gas mass fractions), one should compare the
olid black curves, which represent the median relations of each
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Figure 1. Galaxy stellar mass function (left), median gas fraction (middle), and median total baryon fraction (right) as a function of halo mass for all 400 
simulations at redshift z = 0.125. Observational data with their associated uncertainties are shown in orange for the stellar mass function (Baldry et al. 2012 ; 
Bernardi et al. 2013 ; Moustakas et al. 2013 ; Driver et al. 2022 ), for the gas fractions of groups and clusters (Vikhlinin et al. 2006 ; Maughan et al. 2008 ; Pratt 
et al. 2009 ; Rasmussen & Ponman 2009 ; Sun et al. 2009 ; Lin et al. 2012 ; Gonzalez et al. 2013 ; Sanderson et al. 2013 ; Lovisari, Reiprich & Schellenberger 2015 ; 
Pearson et al. 2017 ), the latter of which are derived from resolved X-ray observations, and the fit to the median baryon fraction from the latest HSC-XXL weak 
gravitational lensing data from Akino et al. ( 2022 ), including a correction for the contribution of blue galaxies and the diffuse intracluster light. The light shaded 
region encloses the 1 σ uncertainty. The orange line in the middle panel highlights the median f gas −M 500c relation from observations, including a correction 
from the inferred scaling relations from the X-ray selected sample of galaxy groups and clusters in Sereno et al. ( 2020 ). Comparing the solid black curves to 
the solid orange curve (i.e. median relations) in the middle panel, the simulations conserv ati vely bracket the observed gas fractions, the observed galaxy stellar 
mass function (left-hand panel), as well as the median total baryon fraction (right-hand panel). 
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f the 400 simulations, to the solid orange curve, which represents
he median relation from resolved X-ray observations. (The orange 
ata points represent individual observed groups and clusters, we 
o not show individual simulated clusters for clarity, but we note 
he intrinsic scatter in the simulated relations is similar to the 
bserved intrinsic scatter.) Thus, the simulations conserv ati vely 
racket both the observed gas fractions and the observed stellar 
ass function. If one adopts the statistical uncertainties on the 
edian baryon mass fractions 4 from the recent study of Akino et al.

 2022 ), then our simulations span a range of approximately −7 σ to
 6 σ with respect to the observed baryon fraction at a mass scale 

f ≈10 14 M �. 
Note that our desire to span a much wider range of baryon

ractions than is apparently allowed by current observations is 
oti v ated by two factors: (i) the low-redshift data we compare to
ay hav e non-ne gligible biases and (ii) the baryon fractions of

igher redshift (e.g. z ≈ 0.5–1) groups and clusters, which give rise
o much of the lensing signal, is not well constrained at present
y observations, thus we want a range of simulated behaviours 
hat is wide enough to hopefully encapsulate future measurements 
f high-redshift systems as well. With regards to possible biases 
n current data, observational measurements are al w ays subject to 
oth random and systematic errors. For instance, the observationally 
erived stellar masses are subject to systematic errors originating 
rom, e.g. stellar population modelling, spectral energy distribution 
tting, surface brightness profile fitting, and corrections for dust 
xtinction. Gas fraction measurements from X-ray data of groups and 
lusters are subject to uncertainties in, e.g. deviations from spherical 
 We note that for our simulations, we include all stellar and gas particles 
ithin a spherical o v erdensity radius. Hence, in order to make reasonable 

omparisons with the fits in Akino et al. ( 2022 ), we included an additional 
5 per cent contribution to the total stellar masses from the contribution of 
lue galaxies, and 30 per cent additional stellar mass to the brightest cluster 
alaxies to account for the diffuse intracluster light (ICL; see Akino et al. 
022 ). 
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ymmetry and hydrostatic equilibrium, and modelling of selection 
ffects, particularly in the group regime. 

Finally, we note that the prior ranges on each of the subgrid
arameters were essentially selected by examining the baryon 
raction results from a small number of test simulations, so it is no
urprise that the resulting hypercube spans a large range of baryon 
ractions. 

Note also that while we use the combined set of 400 simulations
o construct our model for the suppression of the matter power
pectrum (below), we have also explored analysing the two SPH 

uites separately. While for a given set of subgrid parameters the
hoice of SPH fla v our can affect the resulting baryon fractions, the
eaction in terms of P ( k ) is independent of the choice of SPH fla v our
t a given baryon fraction. This is consistent with the findings of
an Daalen et al. ( 2020 ) and allows us to construct a single (more
ccurate) model in terms of baryon fractions using the entire set of
00 ANTILLES simulations. 

 M O D E L L I N G  BA R  Y  O N  PHYSI CS  EFFECTS  

N  P (  k )  

e begin by analysing the relative (fractional) impact of baryon 
hysics on the total matter power spectrum for the 400 simulations.
ig. 2 shows the ratio of power spectra 5 from the different simulations
ith respect to a DM-only counterpart at redshift z ≈ 0.1. The
ide range of variations in the feedback models in our simulations
ives rise to a large diversity of impacts on P ( k ), in agreement
ith previous studies that show that the effect of baryons on the
ower spectrum depends strongly on the adopted baryon physics 
e.g. van Daalen et al. 2011 , 2020 ; Mummery et al. 2017 ; Chisari
t al. 2018 , 2019 ; Springel et al. 2018 ). Given the selection of prior
anges for each subgrid parameter to conserv ati vely bracket existing
bservational constraints and their corresponding uncertainties, our 
MNRAS 523, 2247–2262 (2023) 

 We characterize the ratio in terms of the power spectrum, P ( k ). But note that 
ince P ( k ) ∝ � 

2 ( k ), our results are equi v alent to a ratio of � 

2 
hydro ( k ) /� 

2 
DM 

( k ). 
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Figure 2. Fractional impact of baryons on the total matter power spectrum 

for the 400 models at redshift z = 0.125. Colour-coding represents the total 
baryon fraction of haloes of mass M 200c = 10 14 M �. Vertical dashed lines 
indicate three equally log-spaced scales, k = 0.1, 0.9, and 8.0 h Mpc −1 , shown 
in Fig. 3 . The black arrow indicates the Nyquist frequency of the simulations 
k Ny . 
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6 We re-bin the power spectra and ‘smooth’ them by calculating the median 
power for each bin. 
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imulation suite encompasses baryonic effects that surpass observa-
ional bounds, with a range of parameters more extreme than those
sed in most cosmological simulations (see e.g. Tr ̈oster et al. 2022 ).
he effect of AGN feedback is of particular importance, due to its
jective nature at early times (McCarthy et al. 2011 ). The removal
f large quantities of gas not only affects the distribution of the
emaining gas, but it also has a gravitational effect on the dark
atter, causing it to expand as well. This effect is referred to as the

back reaction’ on baryons on the dark matter (e.g. van Daalen et al.
011 ). The net result of baryon ejection and dark matter expansion
s that P ( k ) can be suppressed by a non-negligible amount (relative
o forthcoming statistical errors from cosmic shear surv e ys) out to
avenumbers of k ∼ 0.1 h Mpc −1 , corresponding to physical scales
f ∼30 Mpc h −1 . 
In the following sections, we will present our model based on

he correlation between the power spectrum suppression and the
otal baryon fraction of haloes of different masses. Note that in this
tudy, halo masses are measured within both R 200c and R 500c , i.e.
he radius within which the mean density is 200 or 500 times the
ritical density of the Uni verse, respecti vely. While both spherical
 v erdensity apertures provide similar results, we find that using R 200c 

ives slightly better accuracy. Hence, in the following sections, we
ill present all of our results and plots in terms of R 200c , while also
rovide the best-fitting parameters for our model in both R 200c and
 500c . 

.1 The correlation between the power spectrum suppression 

nd the total baryon fraction 

ecently, van Daalen et al. ( 2020 ) presented an empirical model
hat uses the mean baryon fraction of group mass haloes ( M 200c =
0 14 M �) as a predictor for the power suppression for scales k � 1 . 0 h
pc −1 , achieving an accuracy of ≈ 1 per cent . Fundamentally,

he effect of baryon physics on the matter power spectrum is a
ravitational process, which is why we expect the baryon fraction of
aloes (which is a direct measure of the mass that has been remo v ed)
NRAS 523, 2247–2262 (2023) 
hat contribute most significantly to P ( k ) to be a strong predictor of
he effects on P ( k ). 

Taking our cue from van Daalen et al. ( 2020 ), in Fig. 2 we colour
ode each run by its median total baryon fraction of haloes of
ass M 200c = 10 14 M �, and normalized by the universal baryon

raction ( �b / �m 

). In agreement with van Daalen et al. ( 2020 ), the
gure shows a clear gradient of the power spectrum suppression as
 function of the total baryon fraction of group mass of haloes. At
loser inspection, the correlation is not perfect at small scales of
 ≥ 3 h Mpc −1 . Nevertheless, we will show below that a simple and
ccurate model for the P ( k ) suppression can be formulated in terms
f the median baryon fraction. 
In this work, we aim to extend the van Daalen et al. ( 2020 ) model

o smaller scales and higher redshifts, which we will achieve by
aking into account the increasing importance of lower mass haloes
s we push in both directions. In order to assess the strength of the
orrelation between the baryon fraction of haloes of different mass,
e compute the power spectra at three equally spaced scales in log 10 k

 k = 0.1, 0.9, and 8.0 h Mpc −1 ), which are shown as vertical dashed
ines in Fig. 2 . We show in Fig. 3 the fractional impact of baryons
n the total matter power spectrum as a function the total baryon
raction for two different haloes of masses (10 13 and 10 14 M �) for
hese three scales. The colours correspond to the same scales of the
ertical lines in Fig. 2 . The two sets of SPH schemes used for the
imulations are shown with different symbols. 

Fig. 3 shows that the suppression of the power spectrum at a given
cale correlates better with the total baryon fraction of haloes of
ifferent mass. For instance, the suppression at k = 0.9 h Mpc −1 

 orange symbols ) is better correlated with the baryon fraction of
aloes of mass 10 14 M � ( right ) than with 10 13 M � ( left ). On the
ther hand, for small scales, k = 8.0 h Mpc −1 ( green symbols ), the
uppression is better correlated with the baryon fraction of lower
ass haloes ( left ). This dependence can be explained in terms of

he dif fering relati ve contribution of haloes of different mass to the
otal matter power spectrum (e.g. Daalen & Schaye 2015 ; Mead
t al. 2020 ). The strength of the correlation for very large scales,
 = 0.1 h Mpc −1 ( blue symbols ), seems insensitive to choice of halo
ass (for the two masses shown here) which is mainly just because

eedback does not significantly alter the power spectrum on these
cales, so there is little dynamic range in P hydro ( k )/ P DM 

( k ) to couple
o the baryon fractions. 

Note that while the selection of SPH fla v or for a particular set
f subgrid parameters may have an impact on the resulting baryon
ractions, the response exhibited in P ( k ) is invariant with regard to the
election of SPH fla v or at a given baryon fraction. This is consistent
ith the findings of van Daalen et al. ( 2020 ). 
In Fig. 4 , we quantify the strength of the correlation between

he suppression of the total matter power spectrum and the total
aryon fraction of haloes of different mass as a function of scale k
sing the Spearman’s rank correlation coefficient, ρs . We calculate
he correlation coefficient at 40 equally spaced scales 6 in log 10 k in
he range 0 . 1 ≤ k [ h Mpc −1 ] ≤ 10. Each panel represents a different
edshift in the simulations. 

For each redshift, the lines are colour coded by the halo mass
sed to estimate the baryon fraction. We use a mass bin width of
.1 dex around each indicated halo mass. To help guide the eye, we
ave highlighted the area where ρs ≥ 0.90, i.e. where the correlation
etween the suppression of the total matter power spectrum and
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Figure 3. Fractional impact of baryons on the total matter power spectrum at k = 0.1, 0.9, and 8.0 h Mpc −1 as a function the total baryon fraction of haloes of 
mass M 200c = 10 13 M � (left) and M 200c = 10 14 M � (right). Colours indicate the suppression at the three equally spaced scales in logarithmic scale (log 10 k ) in 
Fig. 2 . Each symbol represents 1 of the 400 models. The two sets of SPH schemes used for the simulations are shown with different symbols. The suppression of 
the power spectrum at a given scale correlates better with the total baryon fraction of haloes of different mass. For instance, the suppression at k = 0.9 h Mpc −1 

( orange symbols ) is better correlated with the baryon fraction of haloes of mass M 200c = 10 14 M � (right) than with M 200c = 10 13 M � (left). The converse is 
true for k = 8.0 h Mpc −1 ( green symbols ), while the strength of the correlation seems insensitive to the two masses shown for k = 0.1 h Mpc −1 ( blue symbols ). 

Figure 4. Spearman’s rank correlation coefficient ρs , between the suppression of the total matter power spectrum and the total baryon fraction of haloes of 
different mass as a function of scale k . The five panels represent different redshifts and colour-coding represents different halo masses M 200c . The grey shaded 
area indicates where ρs ≥ 0.90. Independent of redshift, for small scales ( k � 4 h Mpc −1 ), the baryon fraction of progressi vely lo wer mass haloes provide better 
correlation for increasing k . For intermediate scales (0 . 4 � k[ h Mpc −1 ] � 4), haloes with a characteristic mass (which evolves with redshift) provide the best 
correlation. For k � 0 . 4 h Mpc −1 , the strength of the correlation decreases rapidly regardless of the halo mass. 

t  

d
 

r

 

g  

s  

s
i

 

c
c

 

t
a  

s  

o

3

A  

s  

o  

f

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/2247/7165765 by Liverpool John M
oores U

niversity user on 15 June 2023
he total baryon fraction is exceptionally strong, and it can be well
escribed using a monotonic function. 
To guide the eye, we have added three vertical lines in Fig. 4 to

oughly divide small, intermediate, and large scales: 

(i) Small scales ( k � 4 h Mpc −1 ): The baryon fraction of pro-
ressi vely lo wer mass haloes provides a better correlation with the
uppression for increasing k . The converse is also true; i.e. the
trength of the correlation using higher mass haloes decreases for 
ncreasing k . 

(ii) Intermediate scales (0 . 4 � k [ h Mpc −1 ] � 4): Haloes with a
haracteristic mass (which evolves with redshift) provide the best 
orrelation. 
(iii) Large scales ( k � 0 . 4 h Mpc −1 ): The strength of the correla-
ion decreases rapidly regardless of the halo mass. This is expected, 
s for (very)large scales, the suppression of the total matter power
pectrum should be close to unity independent of the baryon fraction
f haloes (non-monotonic, see Fig. 3 ). 

.2 The optimal halo mass 

s we aim to determine the halo masses that best predict the
uppression of the power spectrum at each scale, we define the
ptimal mass , ˆ M k, 200c , as the halo mass used to measure the baryon
raction that maximizes ρs as a function of scale and redshift: 

ˆ 
 k, 200c ( k, z) = M 200c 

∣∣
max { ρs ( k,z) } . (1) 
MNRAS 523, 2247–2262 (2023) 
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Figure 5. Optimal mass ˆ M k, 200c as a function of scale k at five different 
redshifts. Coloured symbols represent the halo mass that provides the best 
correlation between the power spectrum suppression and the baryon fraction 
of such haloes at each k bin. Solid lines show the best fit using equation ( 2 ). For 
small scales ( k � 4 h Mpc −1 ), the optimal mass decreases for increasing k . 
For intermediate scales (0 . 4 � k [ h Mpc −1 ] � 4), haloes with a characteristic 
mass provide the best correlation (i.e. the optimal mass plateaus). For large 
scales, the suppression of the total matter power spectrum should approach 
unity, independent of the baryon fraction of haloes (see Figs 3 and 4 ). 
Therefore, in order to a v oid noise while fitting, we assume that ˆ M k remains 
constant for k ≤ 0 . 4 h Mpc −1 and data points are shown in faint colours. 
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Table 3. Best-fitting parameters for the optimal mass in equation ( 2 ), 
expressed either in terms of M 200c or M 500c . For the exponential plateau 
functional form, α is the asymptote of the function as k → 0, β is the value 
for k = 1, and γ characterizes the rate of change. The redshift dependence 
of the parameter is given in equation ( 3 ). 

Spherical o v erdensity Parameter 
i = 0 i = 1 i = 2 

M 200c αi 15 .243 − 1 .243 0 .148 
β i 14 .969 − 1 .099 0 .129 
γ i 0 .800 − 0 .017 0 .061 

M 500c αi 14 .783 − 0 .999 0 .120 
β i 14 .620 − 0 .913 0 .108 
γ i 0 .967 − 0 .031 0 .026 

Figure 6. Suppression of the total matter power spectrum at redshift z = 

0.125 as a function the total baryon fraction using the optimal mass of haloes 
ˆ M k, 200c for each corresponding scale k . Colours indicate the suppression 

at five equally spaced scales in logarithmic scale (log 10 k ). Each symbol 
represents 1 of the 400 models. Solid lines show the best fit using equation ( 4 ) 
without a scale and redshift dependence, i.e. each scale shown has been fitted 
using a simple exponential plateau function. 
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Fig. 5 shows ˆ M k, 200c as a function of scale k for the five redshifts
hown in Fig. 4 . We used alternating filled semicircles to allow us
o show o v erlapping points from different redshift bins. For each
edshift, the shape of the relation roughly reflects the three distinct
ehaviours described abo v e: at small scales ( k � 4 h Mpc −1 ), the
aryon fraction of haloes decreasing in mass provides a better correla-
ion for increasing k ; at intermediate scales (0 . 4 � k [ h Mpc −1 ] � 4),
aloes with a characteristic mass provide the best correlation (i.e.
he optimal mass plateaus); and at large scales, the strength of the
orrelation decreases rapidly regardless of the halo mass, as the total
atter power spectrum suppression is close to unity, independent of

he baryon fraction of haloes (see Figs 3 and 4 ). In order to a v oid noise
hile fitting, without loss of generality, we assume that ˆ M k remains

onstant for k ≤ 0 . 4 h Mpc −1 (data points are shown in faint colours).
ote that this is also consistent with the results of van Daalen et al.

 2020 ), i.e. to a good approximation, the total baryon fraction for a
ingle halo mass provides enough information to predict the power
pectrum suppression due to baryons for k � 1 . 0 h Mpc −1 . 

It is worth noting that the optimal mass exhibits a monotonic
ehaviour as function of redshift. Therefore, we approximate ˆ M k, 200c 

sing the following exponential plateau functional form, 

log 10 ( ˆ M k, 200 c ( k, z)) = α( z) − [ α( z) − β( z)] k γ ( z) , (2) 

here α( z) is the asymptote of the function as k → 0, β( z) is the
alue for k = 1, and γ ( z) characterizes the rate of change. We impose
 simple polynomial ansatz for the redshift dependence of these
arameters as follows: 

X( z) = 

2 ∑ 

i= 0 

X i (1 + z) i , (3) 

here X = { α, β, γ } . 
NRAS 523, 2247–2262 (2023) 

S  
We use a simple least-squares estimator to fit the simulation data
nd we provide the best-fitting parameter values in Table 3 . The solid
ines in Fig. 5 show the best fit using equation ( 2 ). 

In Fig. 6 , we use the optimal mass ˆ M k, 200c ( k, z) from equation ( 2 )
o compute the suppression of the total matter power spectrum as a
unction the total baryon fraction at redshift z = 0.125. Note that we
o not assume any functional form for the f b −M halo relation. Rather,
e use a piecewise cubic Hermite interpolating polynomial using

he narrow binned data from the simulations to compute the baryon
ractions at the required optimal mass. 

The figure shows that using ˆ M k, 200c ( k, z) significantly reduces the
catter of the relationship at all scales shown, from k = 0 . 1 h Mpc −1 ,
p to the one-dimensional Nyquist frequency of the simulations,
 Ny = πN /L ≈ 8 h Mpc −1 , where N is the cube root of the total
umber of particles, and L is the length of the cubic box. Given
he wide range of physical models and the different hydrodynamic
chemes used in this study, the fact that such a tight correlation is
chieved solely based on the baryon fraction of haloes of different
asses is remarkable. One might have expected that a thorough

haracterization of the mass density profiles around haloes (as
pposed to a simple aperture baryon fraction) would have been
equired to obtain this level of precision. For example, Debackere,
chaye & Hoekstra ( 2020 ) have shown that the behaviour of the
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rofiles between r 500 and r 200 can affect the matter power spectrum 

f the profiles are allowed to vary significantly o v er this range.
vidently, there is a very strong physical correlation between the 

ntegrated baryon fractions and the shape of the profile o v er this
ange in our simulations, such that most of the physical effect on the
ower spectrum is encoded in the integrated baryon fractions alone. 

.3 SP(k) – a model for the suppression of P ( k ) 

e find that, similar to equation ( 2 ), an exponential plateau functional
orm provides a good approximation to the fractional impact of 
aryons on the total matter power spectrum: 

 hydro ( k ) /P DM 

( k ) = λ( k, z) − [ λ( k, z) − μ( k, z)] exp [ −ν( k, z) ˜ f b ] , 

(4)

here ˜ f b is the baryon fraction at the optimal halo mass normalized 
y the universal baryon fraction, i.e. 

˜ 
 b = f b ( ˆ M k, 200 c ( k, z)) / ( �b /�m 

) , (5) 

nd where λ( k , z) is the asymptote of the function for large ˜ f b values,
( k , z) is the suppression for ˜ f b = 0, and ν( k , z) is the rate of change
arameter. In the left-hand panel of Fig. 7 , we show an illustration
f the suppression of the total matter power spectrum as a function
f ˜ f b , as parametrized by equation ( 4 ). 
We use this functional form to fit the 400 simulations at each scale

ndividually. The best fit for each scale at z = 0.125 is shown as solid
ines in Fig. 6 . Equation ( 4 ), without a scale and redshift dependence,
rovides a good approximation to the full range of scales up to
he Nyquist frequency. Furthermore, we approximate each of the 
arameters in equation ( 4 ) based on their behaviour as a function of
cale using an exponential, logistic and lognormal functional forms 
respectively): 

( k, z) = 1 + λa ( z) exp ( λb ( z) log 10 ( k)) , (6) 

( k, z) = μa ( z) + 

1 − μa ( z) 

1 + exp ( μb ( z) log 10 ( k) + μc ( z) ) 
, (7) 

( k, z) = νa ( z) exp ( − ( log 10 ( k) − νb ( z)) 2 

2 νc ( z) 2 
) . (8) 

We model the evolution of each parameter as a polynomial function 
n redshift, using equation ( 3 ), with X = { λa , λb , μa , μb , μc , νa , νb ,
b } accordingly. 
In order to reduce the sensitivity to outliers in our wide range of

aryon fractions in the 400 simulations, for our parameter estimation 
tilized a Huber loss function defined as 

 δ( y, ˆ y ) = 

{
1 
2 ( y − ˆ y ) 2 for | y − ˆ y | ≤ δ

δ
(| y − ˆ y | − 1 

2 δ
)

otherwise, 
(9) 

here y i is the measured variable P hydro ( k )/ P DM 

( k ) and ˆ y i is the
redicted values from our model using using equations ( 4 )–( 8 ). The
alue of δ was chosen to represent the median absolute deviation. 
e minimized the loss function equation ( 9 ) at five anchor redshifts

 z = 0.125, 0.5, 1.0, 2.0, and 3.0). The best-fitting parameters are
rovided in Table 4 . 
We present a publicly available PYTHON implementation of our 
odel as py-SP(k) . All rele v ant information about installation 

nd usage can be found at https://github.com/jemme07/pyspk. 
The choice of functional form in equation ( 4 ) provides insight into

he effect of baryons on the total matter power spectrum. In the right-
and side of Fig. 7 , we show the scale and redshift dependence of the
est-fitting parameters in Table 4 . The figure shows that for very large
cales ( k ∼ 0 . 1 h Mpc −1 ), both λ and μ are close to unity, especially
t high redshift, i.e. the suppression of the matter power spectrum
s a flat function of the baryon fraction of haloes. In other words, at
ery large scales, baryons do not significantly affect the matter power
pectrum. As we examine progressively smaller scales, on the one 
and, λ is an increasing function of k , i.e. models with large median
aryon fraction ( ˜ f b → 1) exhibit weaker suppression values, or even
 power spectrum enhancement for small scales ( k � 4 h Mpc −1 ).
n the other hand, μ is a decreasing function of k , i.e. models with

ow median baryon fraction ( ˜ f b → 0) present stronger suppression, 
specially for scales k � 1 h Mpc −1 . Finally, the rate of change
arameter, ν, dictates how quickly the suppression changes from the 
alue of μ at low baryon fractions, to λ at large baryon fractions. For
ery large scales, the value of ν is irrele v ant, as both λ and μ are close
o unity. For scales 0 . 2 � k [ h Mpc −1 ] � 1, ν � 1, i.e. there is a rapid
ransition from strong suppression values at low baryon fractions, to 
eak suppression values at large baryon fractions. This is indeed 

he case if we examine the behaviour the suppression for that scales
ange in Fig. 6 (orange and green lines). There is a rapid transition
iving rise to a ‘curved’ relationship that asymptotes to the value of
at high baryon fractions. For smaller scales ( k � 1 h Mpc −1 ), ν →

, i.e. there is a slow transition from strong suppression values at low
aryon fractions, to weak suppression (or enhancement) values at 
arge baryon fractions. Examining Fig. 6 again, this slow transition 
ives rise to a more linear relation (rather than curved) for small
cales (red and purple lines). 

.4 Model accuracy 

he level of agreement between the simulations and SP(k) is shown
n Fig. 8 . To appreciate the performance of the model, in the top panel,
e show the fractional impact of baryons on the total matter power

pectrum against data for 8 randomly selected models from the 400
imulations at redshift z = 0.1 spanning a wide range of baryon
ractions. Solid lines show the power spectra computed directly from 

he simulations. Our model is not restrictive to a particular shape
f the baryon fraction–halo mass relation, and in order to show
ts flexibility, we show in dashed lines our best-fitting model using
inned data for the f b −M halo relation obtained from the simulations,
hile in dotted lines we use a simple power-law functional form
t to the same relation in the halo mass range of interest (see also
ection 3.5 ). 
While the data from the simulations show complex features, the 

 v erall behaviour is captured well by our model. By construction,
he suppression goes to unity for lo w v alues of k . The characteristic
spoon-like’ shape of the power spectrum suppression, the amplitude 
f which depends on the baryon fraction of haloes, is well captured
y the model. In the middle panel, we show the ratio between the
easurements of the suppression as measured in the hydrodynamical 

imulations, to our best-fitting model for all 400 models. The solid
lue line shows the median ratio as a function of k , while the blue
ashed lines enclose the 15.9 and 84.1 percentiles (one sigma). In the
ottom panel, we show the mean absolute percentage error (MAPE), 
efined as 

APE = 

100 per cent 

n 

n ∑ 

i= 1 

∣∣∣∣y i − ˆ y i 

y i 

∣∣∣∣ , (10) 

here y i is the measured variable P hydro ( k )/ P DM 

( k ) and ˆ y i is the
redicted values from our model. The figure shows that the model is
ble to reproduce the wide range of baryonic effects explored here
emarkably well. For all the scale range up to the Nyquist frequency,
MNRAS 523, 2247–2262 (2023) 
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Figure 7. Left: Illustration of the suppression of the total matter power spectrum as a function of ˜ f b as parametrized by equation ( 4 ). Right: Scale and redshift 
dependence of the best-fitting parameters in Table 4 . λ( k , z) is the asymptote of the function in equation ( 4 ) for large ˜ f b values, modelled using an exponential 
functional form equation ( 6 ), μ( k , z) is the suppression for ˜ f b = 0, modelled using a logistic functional form equation ( 7 ), and ν( k , z) is the rate of change, 
modelled with lognormal functional form equation ( 8 ). 

Table 4. Best-fitting parameters for power spectrum suppression in equa- 
tion ( 4 ). For the exponential plateau functional form, λ is the asymptote 
of the function for large k values, μ is the suppression for ˜ f b = 0, and ν
characterizes the rate of change. The k scale and redshift dependence of the 
parameter are given in equation ( 3 ) and equations ( 6 )–( 8 ). 

Spherical o v erdensity Parameter 
i = 0 i = 1 i = 2 

M 200c λa , i 0 .021 − 0 .007 0 .000 
λb , i 3 .087 0 .452 0 .001 
μa , i 0 .693 − 0 .169 0 .042 
μb , i 3 .161 0 .861 0 .011 
μc , i 5 .532 − 3 .086 0 .508 
νa , i 413 .009 311 .639 37 .891 
νb , i − 11 .243 − 0 .344 0 .334 
νc , i 3 .476 − 0 .018 − 0 .082 

M 500c λa , i 0 .019 − 0 .007 0 .000 
λb , i 2 .956 0 .620 − 0 .001 
μa , i 0 .715 − 0 .192 0 .049 
μb , i 3 .385 0 .965 − 0 .068 
μc , i 4 .457 − 2 .191 0 .454 
νa , i 478 .864 429 .887 249 .256 
νb , i − 11 .227 − 0 .558 0 .448 
νc , i 3 .499 − 0 .084 − 0 .092 
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he MAPE is ≈ 1 per cent . For large scales, the model recovers the
ower spectrum suppression to better than 1 per cent accuracy, while
or the smallest scales considered, the error for most models within
 5 per cent , with an average of < 2 per cent for the entire range of

aryon fractions. 
We accomplish this significant reduction in the scatter for the

ower spectrum suppression–baryon fraction relation in our model
y selecting the optimal mass that maximizes ρs for each scale.
evertheless, for the smallest scales that can be resolved in the

imulations (close to the Nyquist frequency, k Ny ≈ 8 h Mpc −1 ), while
he model can reco v er a mostly monotonic relation, there is still
ignificant scatter around it, as shown with purple dots in Fig. 6 . As
he scatter increases with scale k , this gives rise to the heteroscedastic
ehaviour of the errors, i.e. the error in the model increases with scale
dashed blue lines). None the less, our model is an unbiased estimator
f the true baryonic effects, as the ratio between the measurements
f the suppression as measured in the hydrodynamical simulations
o our best-fitting model is centred around unity at all scales. 
NRAS 523, 2247–2262 (2023) 
In Fig. 9 , we use the individual model errors for the 400 simulations
o compute a 2D mean, and maximum, absolute percentage error
istribution as a function of scale and baryon fraction for different
edshifts. The baryon fraction is computed using the optimal mass of
aloes for each corresponding scale and redshift using equation ( 2 ).
he mean and maximum errors are computed o v er linearly spaced
aryon fraction bins and logarithmically spaced k bins between 0.1
nd 10.0 h Mpc −1 . Only pixels with five or more data points are
hown. The top panels show that our model has a mean error of
 2 per cent for the entire scale and redshift range. Furthermore, as

hown in the bottom panels of Fig. 9 , our model is less accurate
or increasing k . This can be seen as the increasing contours of
aximum absolute percentage error towards the right-hand side

f each panel at the bottom of the figure. The maximum absolute
ercentage error reaches values of 4 per cent to 6 per cent for
cales close to the Nyquist frequency at low redshift, and up to 8
er cent to 10 per cent at z = 1–2. Additionally, the model is less
ccurate for simulations with extreme feedback prescriptions (low
aryon fractions), for scales k ∼ 1 h Mpc −1 . While a wide range of
eedback prescriptions were used to build and calibrate our model, it
s important to highlight that for simulations with mean group-scale
aryon fractions roughly consistent with observations, the accuracy
f our model is at its best, with mean error of ≈1 per cent , and
 maximum mean error of ≈3 per cent for the whole scale and
edshift range. As an example, Fig. 9 shows such accuracy around the
ducial BAHAMAS simulation (orange line), which was specifically
alibrated to reproduce the galaxy stellar mass function and the
bserved gas fractions of galaxy groups and clusters at redshift z

0 (see Section 4 ), 

.5 How the baryon fraction shapes the suppression of the total 
atter power spectrum 

e now use our model to systematically explore the effect of the
 b −M halo relation on the shape of the suppression of the total matter
ower spectrum. For the mass range that can be relatively well
robed in current X-ray and Sun yaev–Zel’do vich ef fect observ ations
roughly 10 13 � M 200c [M �] � 10 15 ), the total baryon fraction of
aloes can be roughly approximated by a power law with constant
lope (e.g. Mulroy et al. 2019 ; Akino et al. 2022 ). Hence, we use the

art/stad1474_f7.eps
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Figure 8. Top panel: Fractional impact of baryons on the total matter 
power spectrum for 8 randomly selected samples from the 400 models. 
Solid lines use power spectra computed from the simulations. Dashed lines 
represent the best-fitting model obtained with SP(k) using binned data for 
the f b −M halo relation. Dotted lines use a simple power-law fit to the total 
baryon fraction instead. Colour-coding represents the total baryon fraction 
of haloes of mass M 200c = 10 13.90 M �, which corresponds to the optimal 
mass at k = 1 . 0 h Mpc −1 , i.e. ˆ M k, 200c ( k = 1 . 0 h Mpc −1 ) = 10 13 . 90 M �. The 
vertical dashed line indicates the Nyquist frequency of the simulations k Ny . 
The pink lightly shaded region indicates the scales where our model is not a 
good indicator of the uncertainty as k > k Ny . Middle panel: Ratio between the 
measurements of the suppression in the power spectrum induced by baryons 
as measured in the hydrodynamical simulations to our best-fitting model for 
all 400 models. Dashed black lines indicate 1 per cent accuracy, while dotted 
lines indicate 2 per cent accuracy. The solid blue line shows the median ratio, 
while the blue dashed lines enclose the 15.9 and 84.1 percentile. Bottom 

panel: Mean absolute percentage error for our best-fitting model for all the 
400 simulation models. 
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ollowing parametrization, 

 b / ( �b /�m 

) = a 

(
M 200c 

10 13 . 5 M �

)b 

, (11) 

here a is the normalization of the f b −M 200c relation at M 200c =
0 13.5 M � and b is the power-law slope. 
We use our best-fitting parameters for M 200c in Tables 3 and 4 and

llustrate the effect of changing the power-law fitting parameters a 
nd b at redshift z = 0.125 in Fig. 10 . The top panel shows variations
n the power-law normalization while keeping b = 0.3. The bottom 

anel sho ws v ariations in the po wer-law slope while keeping a =
.4. The parameters a = 0.4 and b = 0.3 were selected as they are
oughly consistent with the baryon fraction—halo mass relation for 
he fiducial BAHAMAS simulation at the corresponding redshift. 

Consistent with van Daalen et al. ( 2020 ), the top panel shows
he large effect of the normalization of the baryon fraction–halo 

ass relation on the suppression of the matter power spectrum. As
entioned abo v e, the effect of baryon physics on the matter power

pectrum is fundamentally a gravitational process. Hence, the larger 
he amount of mass remo v ed from haloes (lower f b ), the stronger the
uppression on P ( k ) relative to a baryon complete (DM-only) model.
urthermore, very low baryon fractions (associated with stronger 
GN feedback) can have a non-negligible impact the power spectrum 

uppression on very large scales ( k ∼ 0 . 1 h Mpc −1 , dark-blue line). 
In the bottom panel, we show that the slope of the baryon fraction–

alo mass relation has a large effect on the scale of the minimum of
he ‘spoon-like’ shape of the power spectrum suppression. 

.6 Alternati v e approaches to fitting the suppression 

ur approach abo v e was to apply simple parametric forms to describe
he correlation between the power spectrum suppression and the 
aryon fraction of haloes that contribute most significantly at a 
iv en scale. We hav e shown that, in spite of its simplicity, the model
ro vides a v ery accurate description of our large simulation data set.
evertheless, our approach to modelling the simulation data is not 
nique and there may be alternative (e.g. non-parametric) approaches 
hat could lead to even more accurate results. For example, principle
omponent analysis applied to simulation power spectra has been 
sed as a way of characterizing the impact of baryons and allowing
or their marginalization in cosmological pipelines (e.g. Eifler et al. 
015 ). A related strategy is to model the principle components via
aussian Processes (e.g. Heitmann et al. 2014 ) or sparse polynomial

haos expansion (e.g. Euclid Collaboration 2019 ), although to our 
nowledge these methods have so far been applied to only the non-
inear correction to the matter power spectrum and not on the impact
f baryons. In addition, neural networks have recently been used to
onstruct a baryon emulator by Aric ̀o et al. ( 2021 ). The neural net
as trained on a large sample of power spectra generated by the
aryonification approach. 
While there are v arious adv antages and disadv antages to the

lternative approaches described above, we have elected to use the 
pproach described abo v e because it is more intuitive in terms of
isualizing the correlations and it allows us to more easily enforce
hysically moti v ated boundary conditions, such as requiring that 
uppression of the power spectrum goes to unity as k → 0 (very
arge scales). That being said, we have also experimented with both a
aussian Process-based emulator and a simple neural network using 

he baryon fractions as the input quantities. We find that these non-
arametric approaches do not significantly impro v e on the accuracy 
f our fiducial analytical method and we therefore elected to retain
he latter as our main model. 

 TESTING  AG AI NST  BA H A MA S  

e employ the BAHAMAS suite of cosmological hydrodynamical 
imulations (McCarthy et al. 2017 , 2018 ) to test the accuracy of our
odel using simulations outside our calibration set. The reference 
AHAMAS simulation uses the same cosmology and particle mass 

esolution as the simulations used in this study, but in a much
arger box. The fiducial BAHAMAS run consist of a comoving 
olume with 400 cMpc h 

−1 on a side and 2 × 1024 3 particles of 
 DM 

= 3 . 85 × 10 9 M � h 

−1 dark matter particle mass, and m g =
MNRAS 523, 2247–2262 (2023) 
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Figure 9. 2D mean (top) and maximum (bottom) absolute percentage error distribution for our best-fitting model at z = 0.125, 0.5, 1.0, 2.0, and 3.0. The 
baryon fraction is computed using the optimal mass of haloes ˆ M k, 200c . The vertical dashed line indicates the Nyquist frequency of the simulations k Ny . ˆ M k, 200c 

as function of k and z is calculated using equation ( 2 ) and given along the top axis. The three coloured lines indicate the total baryon fraction using the optimal 
mass for the three BAHAMAS models (Low AGN, fiducial BAHAMAS, and High AGN; McCarthy et al. 2017 , 2018 ). 

7  

t  

f  

A  

a  

t  

i  

t  

t  

w  

r  

o  

d  

i  

i  

t  

A
 

t  

o  

c  

b  

fl  

r  

e  

w  

8  

a  

t  

p  

a  

r
 

f  

c  

C  

u  

u  

m  

r  

n  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/2247/7165765 by Liverpool John M
oores U

niversity user on 15 June 2023
 . 66 × 10 8 M � h 

−1 initial gas particle mass. A full discussion of
he subgrid implementation, including the prescriptions for star
ormation, gas heating and cooling, BH formation, and SNe and
GN feedback models can be found in McCarthy et al. ( 2017 , see
lso Schaye et al. 2010 ). As the BAHAMAS suite of simulations aim
o study the impact of baryonic process on LSS, it was of paramount
mportance to ensure that group size and more massive haloes had
he correct baryon fractions, as these haloes contribute the most to
he matter power spectrum. Therefore, the BAHAMAS approach
as to calibrate the efficiencies of the stellar and AGN feedback to

eproduce galaxy stellar mass function and the observed gas fractions
f galaxy groups and clusters at redshift z ≈ 0. We utilize three
if ferent v ariations of the BAHAMAS simulations that differ only
n the strength of their AGN feedback prescription. This strength
s determined by the AGN subgrid heating temperature, which is
he temperature increase given to gas particles associated with each
GN feedback event. 
Additionally, as a ‘proof of concept’, we test our model against

wo additional simulations, one that varies the mass resolution, but is
therwise identical to the fiducial BAHAMAS model, and one that
hanges the cosmology by including the effects of massive neutrinos,
NRAS 523, 2247–2262 (2023) 
oth on the background expansion rate and the growth of density
uctuations (see further discussion in Section 5 ). For the high-
esolution study, we used the ‘high res’ model presented in McCarthy
t al. ( 2017 ), which left the subgrid feedback parameters unchanged
ith respect to the BAHAMAS fiducial resolution model, but it has
 times better mass resolution (comoving volume of 100 cMpc h 

−1 on
 side and 2 × 512 3 particles). This represents a ‘strong’ convergence
est in the terminology of Schaye et al. ( 2015 ). We note that only the
article data at redshifts z = 0 and z = 0.125 for these runs is still
vailable. Hence, we limited our comparison for the ‘high res’ run to
edshift z = 0.125. 

We have also used our model to predict the baryonic suppression
or the most e xtreme massiv e neutrino variation of the WMAP9
osmology in the BAHAMAS suite (Mummery et al. 2017 ; Mc-
arthy et al. 2018 ). This model left the subgrid feedback parameters
nchanged with respect to the fiducial BAHAMAS model, but
ses a total summed neutrino mass of M ν = 0.48 eV. For this
odel, the amplitude of the density fluctuations at the epoch of

ecombination A s , as inferred by WMAP9 data assuming massless
eutrinos, was held fixed in order to retain agreement with the
bserved CMB angular power spectrum, and the value of σ 8 was

art/stad1474_f9.eps
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Figure 10. Top panel: Effect of variations in the power-law normalization ( a ) of the f b −M halo relation (left), as parametrized by equation ( 11 ), on the shape of 
the suppression of the total matter power spectrum (right) at redshift z = 0.125. The larger the amount of mass remo v ed from haloes (lower f b ), the stronger the 
suppression on P ( k ) relative to a baryon complete (DM-only) model. Bottom panel: Effect of variations in the power-law slope ( b ). 
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djusted accordingly . Additionally , the matter density parameter of 
old dark matter was adjusted to maintain a flat universe model. All
ther cosmological parameters are held fixed. 
In Fig. 11 , we show the impact of baryons on the total matter power

pectrum for the three BAHAMAS models (Low AGN, fiducial, and 
igh AGN), the high-resolution (HiRes) and massive neutrino ( M ν = 

.48 eV) variations. In order to compute the baryon fraction from
he simulations to use in equation ( 5 ), we used a piecewise cubic
ermite interpolating polynomial using narrow bins of M 200c with 
.1 dex width. This approach provides a high degree of flexibility, 
s simulations show evidence for a slightly mass-dependent slope 
Farahi et al. 2018 ). Additionally, we show in dotted lines the results
sing power-law fits to the median baryon fraction in the halo mass
ange of interest at each redshift. 

The figure shows that our model follows the simulation response 
ypically to within 1 per cent, with a maximum error of a ∼
 per cent across the entire range of scales and redshifts shown. 
he errors at all scales and redshifts are consistent with the expected
rrors from the mean error contours in Fig. 9 . The largest errors are
t 2 � k [ h Mpc −1 ] � 5 at z = 1 for most models. In particular, for
he lowest baryon fraction model, as expected from the maximum 

rror contours in Fig. 9 . For the massive neutrino cosmology, the
argest errors are at 2 � k [ h Mpc −1 ] � 5 at z = 0.5 and z = 0.1.
y construction, the model reco v ers the suppression (or rather, lack

hereof) at the large scales. Hence, the errors are very small at the
argest of scales. Finally, we do not find a significant decrease of the
erformance of the model when using a simple power law, compared 
o a more precise interpolation of the baryon fraction as a function
f halo mass. 

 DISCUSSION  

t is important to note that our model was built from a suite of
imulations that widely varied the feedback parameters but only 
ithin a single cosmology (i.e. the cosmological parameters were 
xed). How worried should we be about possible degeneracies 
etween astrophysics in cosmology? In other words, does the scaling 
erived here apply to other cosmologies? Our previous work based 
n the BAHAMAS simulations has shown that the effects of baryon
hysics on the matter distribution appear to be separable from 

independent of) variations in the cosmological parameters, including 
 xtensions to massiv e neutrinos (Mummery et al. 2017 ), dynamical
ark energy (Pfeifer et al. 2020 ), and a running of scalar spectral
ndex (Stafford et al. 2020 ). In those studies, we demonstrated that
he resulting cluster baryon fractions and the suppression of the 
atter power spectrum match those of our fiducial cosmology model 

o typically per cent level accuracy or better. This is consistent with
he findings of previous work based on the baryonification formalism, 
hich has also shown that the suppression of the power spectrum
ue to baryons is independent of variations in the parameters of the
tandard cosmological model to approximately the per cent level, 
ith the exception of a clear dependence on the universal baryon

raction, �b / �m 

(Schneider et al. 2020 ; Aric ̀o et al. 2021 ). 
The dependence on the universal baryon fraction is straightforward 

o interpret: in the absence of feedback, groups and clusters are
xpected to contain a baryon fraction that reflects that of the
niverse as a whole (White et al. 1993 ), thus a higher (lower)
niversal fraction requires more (less) efficient feedback to obtain 
 particular (e.g. observed) baryon fraction in groups/clusters. In 
ther words, if the baryon fractions of groups/clusters are used as
n independent constraint on the feedback-induced suppression of 
he matter power spectrum, one must also specify the universal 
aryon fraction that is assumed. This is why our model takes as
ts independent variable the halo baryon fraction normalized by 
he universal baryon fraction. In practice, the quantity �b / �m 

is 
recisely pinned down by observations of the CMB, such that the
ncertainties in baryon fractions of haloes are dominated by the 
tatistical and systematic errors in the halo (total and baryon) mass
easurements. Nev ertheless, marginalizing o v er the uncertainties 
MNRAS 523, 2247–2262 (2023) 

art/stad1474_f10.eps


2260 J. Salcido et al. 

M

Figure 11. Fractional impact of baryons on the total matter power spectrum for three BAHAMAS models (Low AGN, fiducial, and High AGN; McCarthy et al. 
2017 , 2018 ), the high-resolution (HiRes McCarthy et al. 2017 ), and massive neutrino ( M ν = 0.48 eV; Mummery et al. 2017 ; McCarthy et al. 2018 ) variations. 
Solid lines are the power spectra computed the hydrodynamical simulations. Dashed lines represent the best-fitting model obtained with SP(k) using binned 
data for the f b −M halo relation. Dotted lines use a simple power-law fit to the total baryon fraction. The light shaded regions enclose the 68 per cent and 95 
per cent confidence interval from statistical errors (only shown for binned data). The vertical dashed line indicates the Nyquist frequency of the ANTILLES 
simulations k Ny . The pink lightly shaded region indicates the scales where our model is not a good indicator of the uncertainty as k > k Ny . Bottom panel: Ratio 
between the measurements of the suppression in the power spectrum induced by baryons as measured in the hydrodynamical simulations to our best-fitting 
model. The grey band highlights 1 per cent accuracy, while dashed lines indicate 2 per cent accuracy. 
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n both the halo and universal baryon fractions is recommended.
oing forward, it will be important to continue to check for potential
egeneracies between baryon and cosmological physics as we extend
eyond the standard model of cosmology and also explore other
osmological observables (e.g. galaxy clustering, cluster counts, 
nd so on). 

Another caveat of our study is that, while we hav e e xplored a
ide range of the feedback parameter volume in this study, this
as only been done within the context of a given framework (or
arametrization) for feedback. It will be important for other groups
o independently test and perhaps refine the predictions for the impact
f baryon physics on the matter power spectrum as new simulations
ecome available. The study of van Daalen et al. ( 2020 ), which
ompared a limited number of simulations in the literature but which
panned a wide range of resolutions, hydro solvers, and feedback
rameworks, is very suggestive that the physics of P ( k ) is mainly
riven by the baryon fractions. Ho we ver, these simulations may not
xplore the full range of possibilities (see e.g. Debackere et al. 2020 ;
mon & Efstathiou 2022 ), so it is important to continue exploring the

ffects of baryons using a wide variety of methods, including the halo
odel, the baryonification formalism, and different hydrodynamical

imulations. 
As an initial ‘proof of concept’, we test the separability of feedback

arameters (and resolution effects) from the cosmological model in
ig. 11 using a higher resolution simulation and one that changes the
osmology by including the effects of massive neutrinos. While this
s a limited test, we find that our model based solely on the baryon
raction reco v ers the suppression of the matter power spectrum to
 typically better than ∼ 2 per cent accuracy. Further investigation
ncluding different feedback prescriptions, cosmological models, and
esolution effects will be thoroughly explored in a follow-up paper. 
NRAS 523, 2247–2262 (2023) 

fi  
 SUMMARY  A N D  C O N C L U S I O N S  

e have presented ANTILLES, a new suite of 400 hydrodynamical
imulations that explores the ‘feedback landscape’ associated with
aryon physics. We have shown that a relatively simple yet remark-
bly accurate model can be constructed for the suppression of the
atter power spectrum using only the mean baryon fraction of haloes

specifically the baryon fraction for haloes that dominate the power
pectrum at a given scale, or w avenumber). Our w ork follows on from
he recent study of van Daalen et al. ( 2020 ), by expanding greatly the
umber of simulations used to map this relationship and by pushing
o a wider range of scales and redshifts, which are requirements for
urrent and upcoming LSS surv e ys including cosmic shear. 

The main specific findings of our study may be summarized as
ollows: 

(i) In agreement with van Daalen et al. ( 2020 ), we find that the
ractional impact of baryon physics on the present-day non-linear
atter power spectrum up to k ∼ 1 h Mpc −1 correlates very strongly
ith the baryon fraction of haloes with total masses of ∼10 14 M � (see
ig. 2 ). At smaller scales, ho we ver, the relation weakens somewhat,
s also found by van Daalen et al. ( 2020 ). 

(ii) The weakening in the relation between the power spectrum
uppression and the baryon fraction at a mass scale of ∼10 14 M � is a
esult of lower mass haloes contributing more significantly at smaller
cales (see also Daalen & Schaye 2015 ; Mead et al. 2020 ). Using
he simulations, we have empirically determined the halo mass scale
hose baryon fraction correlates most strongly with the suppression
f the power spectrum as a function of both scale and redshift (see
igs 4 and 5 ). We refer to this mass scale as the ‘optimal’ mass. 
(iii) Our P ( k ) suppression model, called SP(k) , is constructed by

tting a simple parametric form to the power spectrum suppression
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s a function of scale ( k ), redshift ( z), and the normalized baryon
raction at the optimal scale. See equation ( 4 ). 

(iv) We characterize the error in our best-fitting model relative to 
ur simulation training set in Figs 8 and 9 , showing our model to be
ccurate to typically better than ≈2 per cent per cent accuracy over 
he range 0.1 � k [ h Mpc −1 ] � 10 and from z = 0.1–3. 

(v) We tested our model against an independent set of BAHAMAS 

imulations (McCarthy et al. 2017 , 2018 ), including a high-resolution 
ox (McCarthy et al. 2017 ) and massive neutrino cosmology ( M ν =
.48 eV, Mummery et al. 2017 ; McCarthy et al. 2018 ), showing a
imilar level of accuracy (see Fig. 11 ). 

(vi) We make a PYTHON implementation of our model publicly 
vailable at https://github.com/jemme07/pyspk. 

With a fast, accurate model for characterizing the effects of baryon 
hysics on the non-linear matter power spectrum, it is possible to 
traightforwardly incorporate these effects in existing theoretical 
ipelines based on gravity-only calculations (e.g. emulators for the 
bsolute non-linear power spectrum or the halo model). This will 
llow one to consistently propagate the uncertainties in astrophysics 
due to our uncertainties in the baryon fractions of groups/clusters 
s a function of mass and redshift) through to the cosmological 
onstraints. An advantage that our model has o v er e xisting methods
ased on the halo model or the ‘baryonification’ formalism is that it
f fecti vely depends only on a single physically meaningful parameter 
the baryon fraction). The benefit of this is that observational 
onstraints on the baryon fraction could be used to inform the 
riors used in cosmological analysis, which in turn should help 
inimize the degradation of cosmological constraints that results 

rom marginalizing o v er baryon effects (e.g. Amon & Efstathiou
022 ). Furthermore, by providing a set of analytical equations, the 
odel can be easily ‘inverted’ and allows for rapid experiments to 

e conducted, providing a powerful tool to explore the differential 
ffects of baryonic physics. 

Finally, as our model is expressed in terms of the baryon fraction
f groups and clusters, we require observational constraints to either 
nform the priors that will be used in cosmological pipelines or to be
sed directly in a joint analysis. While the baryon fractions are pinned 
own reasonably precisely in the low-redshift universe (perhaps z 
 0.2), there are currently very few constraints at higher redshifts

or haloes with M � 10 14 M �. The situation may soon change,
hough, as eROSITA (X-ray), Advanced ACT (tSZ, kSZ), and Simons 
bservatory (tSZ, kSZ) data of large numbers of high- z groups starts

o become available. An important consideration in these analyses 
ill be carefully modelling the selection function to enable an 
nbiased measurement of the group baryon fractions. Analyses of 
ock X-ray and SZ observations of cosmological hydrodynamical 

imulations will be important in this endea v our. 
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