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A B S T R A C T 

Feedback from active galactic nuclei and stellar processes changes the matter distribution on small scales, leading to significant 
systematic uncertainty in weak lensing constraints on cosmology. We investigate how the observable properties of group-scale 
haloes can constrain feedback’s impact on the matter distribution using Cosmology and Astrophysics with MachinE Learning 

Simulations (CAMELS). Extending the results of previous work to smaller halo masses and higher wavenumber, k , we find that 
the baryon fraction in haloes contains significant information about the impact of feedback on the matter power spectrum. We 
explore how the thermal Sunyaev Zel’dovich (tSZ) signal from group-scale haloes contains similar information. Using recent 
Dark Energy Surv e y weak lensing and Atacama Cosmology Telescope tSZ cross-correlation measurements and models trained 

on CAMELS, we obtain 10 per cent constraints on feedback effects on the power spectrum at k ∼ 5 h Mpc −1 . We show that with 

future surv e ys, it will be possible to constrain baryonic ef fects on the po wer spectrum to O( < 1 per cent ) at k = 1 h Mpc −1 and 

O(3 per cent ) at k = 5 h Mpc −1 using the methods that we introduce here. Finally, we investigate the impact of feedback on the 
matter bispectrum, finding that tSZ observables are highly informative in this case. 

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

he statistics of the matter distribution on scales k � 0 . 1 h Mpc −1 

re tightly constrained by current weak lensing surv e ys (e.g. Asgari
t al. 2021 ; Abbott et al. 2022 ). Ho we ver, modelling the matter
istribution on these scales to extract cosmological information is 
omplicated by the effects of baryonic feedback (Rudd, Zentner & 

ravtsov 2008 ). Energetic output from active galactic nuclei (AGNs) 
nd stellar processes (e.g. winds and supernovae) directly impacts 
he distribution of gas on small scales, thereby changing the total 

atter distribution (e.g. Chisari et al. 2019 ). 1 The coupling between 
hese processes and the large-scale gas distribution is challenging 
o model theoretically and in simulations because of the large 
ynamic range involved, from the scales of individual stars to the 
cales of galaxy clusters. While it is generally agreed that feedback 
eads to a suppression of the matter power spectrum on scales 
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 Changes to the gas distribution can also gravitationally influence the dark 
atter distribution, further modifying the total matter distribution. 

m
b
m  

s
b  

2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
 . 1 h Mpc −1 � k � 20 h Mpc −1 , the amplitude of this suppression
emains uncertain by tens of per cent (van Daalen, McCarthy &
chaye 2020 ; Villaescusa-Navarro et al. 2021 , see also Fig. 1 ). This
ystematic uncertainty limits constraints on cosmological parameters 
rom current weak lensing surv e ys (e.g. Asgari et al. 2021 ; Abbott
t al. 2022 ). For future surveys, such as the Vera Rubin Observatory
SST (The LSST Dark Energy Science Collaboration 2018 ) and 
uclid (Euclid Collaboration 2020 ), the problem will become even 
ore severe given expected increases in statistical precision. In order 

o reduce the systematic uncertainties associated with feedback, 
e would like to identify observable quantities that carry informa- 

ion about the impact of feedback on the matter distribution and
evelop approaches to extract this information (e.g. Nicola et al. 
022 ). 
Recently, van Daalen et al. ( 2020 ) showed that the halo baryon

raction, f b , in haloes with M ∼ 10 14 M � carries significant infor-
ation about suppression of the matter power spectrum caused by 

aryonic feedback. They found that the relation between f b and 
atter power suppression was robust to at least some changes in the

ubgrid prescriptions for feedback physics. Note that f b as defined 
y van Daalen et al. ( 2020 ) counts baryons in both the intracluster

http://orcid.org/0000-0002-6462-5734
mailto:shivampcosmo@gmail.com
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M

Figure 1. Far left: Baryonic suppression of the matter power spectrum, � P / P DMO , in the CAMELS simulations. The dark-blue, red, and orange shaded regions 
correspond to the 1 σ range of the cosmic variance (CV) suite of TNG, SIMBA and Astrid simulations, respectively. The light-blue region corresponds to the 
1 σ range associated with the Latin hypercube (LH) suite of TNG, illustrating the range of feedback models explored across all parameter values. Middle and 
right-hand panels: The impact of baryonic feedback on the matter bispectrum for equilateral and squeezed triangle configurations, respectively. 
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edium and those in stars. The connection between f b and feedback
s expected, since one of the main drivers of feedback’s impact
n the matter distribution is the ejection of gas from haloes by
GN. Therefore, when feedback is strong, haloes will be depleted
f baryons and f b will be lower. The conversion of baryons into stars
which will not significantly impact the matter power spectrum on

arge scales – does not impact f b , since f b includes baryons in stars
s well as the ICM. van Daalen et al. ( 2020 ) specifically consider the
easurement of f b in haloes with 6 × 10 13 M � � M 500 c � 10 14 M �.

n much more massive haloes, the energy output of AGN is small
ompared to the binding energy of the halo, preventing gas from
eing expelled. In smaller haloes, van Daalen et al. ( 2020 ) found that
he correlation between power spectrum suppression and f b is less
lear. 

Although f b carries information about feedback, it is somewhat
nclear how one would measure f b in practice. Observables such
s the kinematic Sunyaev Zel’dovich (kSZ) effect can be used to
onstrain the gas density; combined with some estimate of stellar
ass, f b could then be inferred. Ho we ver, measuring the kSZ is

hallenging, and current measurements have relatively low signal to
oise (Hand et al. 2012 ; Hill et al. 2016 ; Soergel et al. 2016 ; Amodeo
t al. 2021 ; Schaan et al. 2021 ). Moreo v er, van Daalen et al. ( 2020 )
onsider a relatively limited range of feedback prescriptions. It is
nclear whether a broader range of feedback models could lead to a
reater spread in the relationship between f b and baryonic effects on
he power spectrum. In any case, it is worthwhile to consider other
otential observational probes of feedback. 
Another potentially powerful probe of baryonic feedback is the

hermal SZ (tSZ) effect. The tSZ effect is caused by inverse-Compton
cattering of CMB photons with a population of electrons at high
emperature. This scattering process leads to a spectral distortion
n the CMB that can be reconstructed from multifrequency CMB
bservations. The amplitude of this distortion is sensitive to the line-
f-sight integral of the electron pressure. Since feedback changes the
istribution and thermodynamics of the gas, it stands to reason that
t could impact the tSZ signal. Indeed, several works using both data
e.g P ande y et al. 2019 , 2022 ; Gatti et al. 2022a ) and simulations
e.g. Bhattacharya, Di Matteo & Kosowsky 2008 ; Scannapieco,
hacker & Couchman 2008 ; Moser et al. 2022 ; Wadekar et al.
022 ) have shown that the tSZ signal from low-mass (group scale)
aloes is sensitive to feedback. Excitingly, the sensitivity of tSZ
NRAS 525, 1779–1794 (2023) 
easurements is expected to increase dramatically in the near
uture due to high-sensitivity CMB measurements from e.g. SPT-
G (Benson et al. 2014 ), Advanced ACTPol (Henderson et al. 2016 ),
imons Observatory (Ade et al. 2019 ), and CMB Stage 4 (Abazajian
t al. 2016 ). 

The goal of this work is to investigate what information the tSZ
ignals from low-mass haloes contain about the impact of feedback
n the small-scale matter distribution. The tSZ signal, which we
enote with the Compton y parameter, carries different information
rom f b . For one, y is sensitive only to the gas and not to stellar
ass. Moreo v er, y carries sensitivity to both the gas density and

emperature, unlike f b which depends only on the gas density. The
 signal is also easier to measure than f b , since it can be estimated
imply by cross-correlating haloes with a tSZ map. The signal-to-
oise of such cross-correlation measurements is already high with
urrent data, on the order of 10s of σ (Vikram, Lidz & Jain 2017 ;
 ande y et al. 2019 , 2022 ; S ́anchez et al. 2022 ). A few complementary
orks have also explored the correlations between weak lensing

nd baryonic properties using theoretical halo model framework
Schneider et al. 2016 ; Mead et al. 2020 ), but we aim to use
imulations here as they are more accurate in capturing the non-
inear baryonic feedback processes. 

In this paper, we investigate the information content of the tSZ sig-
al from group-scale haloes using the Cosmology and Astrophysics
ith MachinE Learning Simulations (CAMELS) simulations. As we
escribe in more detail in Section 2 , CAMELS is a suite of many
ydrodynamical simulations run across a range of different feedback
rescriptions and different cosmological parameters. The relatively
mall volume of the CAMELS simulations ((25 /h ) 3 Mpc 3 ) means
hat we are somewhat limited in the halo masses and scales that
e can probe. We therefore view our analysis as an exploratory
ork that investigates the information content of low-mass haloes

or constraining feedback and how to extract this information; more
ccurate results o v er a wider range of halo mass and k may be
btained in the future using the same methods applied to larger
olume simulations. 

By training statistical models on the CAMELS simulations, we
xplore what information about feedback exists in tSZ observables,
nd how robust this information is to changes in subgrid feedback
rescriptions. We consider three very different prescriptions for
eedback based on the SIMBA (Dav ́e et al. 2019 ), Illustris-TNG



Probing feedback with the SZ 1781 

Table 1. Summary of the three feedback models used in this analysis. For each model, four feedback parameters are varied: A AGN1 , 
A AGN2 , A SN1 , and A SN2 . The meanings of these parameters are different for each model, and are summarized in the rightmost column. 
In addition to these four astrophysical parameters, the cosmological parameters �m and σ 8 were also varied. 

Simulation Type/Code Astrophysical parameters varied & its meaning 

TNG Magneto-hydrodynamic/ AREPO A SN1 : (Energy of Galactic winds)/SFR 

A SN2 : Speed of galactic winds 
A AGN1 : Energy/(BH accretion rate) 
A AGN2 : Jet ejection speed or burstiness 

SIMBA Hydrodynamic/ GIZMO A SN1 : Mass loading of galactic winds 
A SN2 : Speed of galactic winds 
A AGN1 : Momentum flux in QSO and jet mode of feedback 
A AGN2 : Jet speed in kinetic mode of feedback 

Astrid Hydrodynamic/pSPH A SN1 : (Energy of Galactic winds)/SFR 

A SN2 : Speed of galactic winds 
A AGN1 : Energy/(BH accretion rate) 
A AGN2 : Thermal feedback efficiency 
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Weinberger et al. 2017 ; Pillepich et al. 2018 , henceforth TNG) and
strid (Bird et al. 2022 ; Ni et al. 2022 ) models across a wide range
f possible parameter values, including variations in cosmology. 
he flexibility of the statistical models we employ means that it

s possible to unco v er more comple x relationships between e.g.
 b , y , and the baryonic suppression of the power spectrum than
onsidered in van Daalen et al. ( 2020 ). The work presented here is
omplementary to Delgado et al. (in preparation) which explores the 
nformation content in the baryon fraction of haloes encompassing 
roader mass range ( M > 10 10 M � h 

−1 ), finding a broad correlation
ith the matter power suppression. 
Finally, we apply our trained statistical models to recent measure- 
ents of the y signal from low-mass haloes by Gatti et al. ( 2022a ) and
 ande y et al. ( 2022 ). These analyses inferred the halo-integrated y
ignal from the cross-correlation of galaxy lensing and the tSZ effect 
sing lensing data from the Dark Energy Surv e y (DES) (Amon et al.
022 ; Secco et al. 2022 ) and tSZ measurements from the Atacama
osmology Telescope (ACT) (Madhavacheril et al. 2020 ). In addition 

o providing interesting constraints on the impact of feedback, these 
esults highlight the potential of future similar analyses with e.g. 
ark Energy Spectroscopic Experiment (DESI; DESI Collaboration 
016 ), Simons Observatory (Ade et al. 2019 ), and CMB Stage 4
Abazajian et al. 2016 ). 

Tw o recent w orks – Moser et al. ( 2022 ) and Wadekar et al. ( 2022 )
have used the CAMELS simulations to explore the information 

ontent of the tSZ signal for constraining feedback. These works 
ocus on the ability of tSZ observations to constrain the parameters 
f subgrid feedback models in hydrodynamical simulations. Here, in 
ontrast, we attempt to connect the observable quantities directly to 
he impact of feedback on the matter power spectrum and bispectrum. 
dditionally, unlike some of the results presented in Moser et al. 

 2022 ) and Wadekar et al. ( 2022 ), we consider the full parameter
pace explored by the CAMELS simulations rather than the small 
ariations around a fiducial point that are rele v ant to calculation of
he Fisher matrix. Finally, we only focus on the intra-halo gas profile
f the haloes in the mass range captured by the CAMELS simulations
c.f. Moser et al. 2022 ). We do not expect the inter-halo gas pressure
o be captured by the small boxes used here as it may be sensitive to
igher halo masses (P ande y, Baxter & Hill 2020 ). 
Non-linear evolution of the matter distribution induces non- 

aussianity, and hence, there is additional information to be recov- 
red beyond the power spectrum. Recent measurements detect higher 
rder matter correlations at cosmological scales at O(10 σ )(Secco 
t al. 2022 ; Gatti et al. 2022b ), and the significance of these mea-
urements is expected to rapidly increase with up-coming surveys 
Pyne & Joachimi 2021 ). Jointly analysing two-point and three- 
oint correlations of the matter field can help with self-calibration 
f systematic parameters and impro v e cosmological constraints. As 
escribed in Foreman et al. ( 2020 ), the matter bispectrum is expected
o be impacted by baryonic physics at O(10 per cent ) o v er the scales
f interest. With these considerations in mind, we also investigate 
hether the SZ observations carry information about the impact of 
aryonic feedback on the matter bispectrum. 
The plan of the paper is as follows. In Section 2 , we discuss

he CAMELS simulation and the data products that we use in this
ork. In Section 3 , we present the results of our explorations with

he CAMELS simulations, focusing on the information content of 
he tSZ signal for inferring the impact of feedback on the matter
istribution. In Section 4 , we apply our analysis to the DES and ACT
easurements. We summarize our results and conclude in Section 5 .

 CAMELS  SI MULATI ONS  A N D  OBSERVABLES  

.1 Ov er view of CAMELS simulations 

e investigate the use of SZ signals for constraining the impact of
eedback on the matter distribution using approximately 3000 cosmo- 
ogical simulations run by the CAMELS collaboration (Villaescusa- 
avarro et al. 2021 ). One half of these are gravity-only N -body

imulations and the other half are hydrodynamical simulations with 
atching initial conditions. The simulations are run using three 

ifferent hydrodynamical subgrid codes, TNG (Pillepich et al. 2018 ), 
IMBA (Dav ́e et al. 2019 ), and Astrid (Bird et al. 2022 ; Ni et al.
022 ). As detailed in Villaescusa-Navarro et al. ( 2021 ), for each
ubgrid implementation six parameters are varied: two cosmological 
arameters ( �m and σ 8 ) and four parameters dealing with baryonic 
strophysics. Of these, two deal with supernovae feedback ( A SN1 and
 SN2 ) and two deal with AGN feedback ( A AGN1 and A AGN2 ). The
eanings of the feedback parameters for each subgrid model are 

ummarized in Table 1 . 
Note that the astrophysical parameters have somewhat different 

hysical meanings for the different subgrid prescriptions, and there is 
sually a complex interplay between the parameters and their impact 
n the properties of galaxies and gas. For example, the parameter
 SN1 approximately corresponds to the pre-factor for the o v erall
MNRAS 525, 1779–1794 (2023) 
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nergy output in galactic wind feedback per-unit star formation in
oth the TNG (Pillepich et al. 2018 ) and Astrid (Bird et al. 2022 )
imulations. Ho we ver, in the SIMBA simulations it corresponds to
he to the wind-driven mass outflow rate per unit star formation
alibrated from the Feedback In Realistic Environments (FIRE)
oom-in simulations (Angl ́es-Alc ́azar et al. 2017b ). Similarly, the
 AGN2 parameter controls the burstiness and the temperature of

he heated gas during the AGN bursts in the TNG simulations
Weinberger et al. 2017 ). In the SIMBA suite, it corresponds to the
peed of the kinetic AGN jets with constant momentum flux (Angl ́es-
lc ́azar et al. 2017a ; Dav ́e et al. 2019 ). Ho we ver, in the Astrid suite, it

orresponds to the efficiency of thermal mode of AGN feedback. As
e describe in Section 3.2 , this can result in counter-intuitive impact
n the matter power spectrum in the Astrid simulation, relative to
NG and SIMBA. 
For each of the sub-grid physics prescriptions, three varieties

f simulations are provided. These include 27 sims for which
he parameters are fixed and initial conditions are varied (cosmic
ariance, or CV, set), 66 simulations varying only one parameter
t a time (1P set) and 1000 sims varying parameters in a six
imensional latin hyper-cube (LH set). We use the CV simulations
o estimate the variance expected in the matter power suppression
ue to stochasticity (see Fig. 1 ). We use the 1P sims to understand
ow the matter suppression responds to variation in each parameter
ndividually . Finally , we use the full LH set to ef fecti vely marginalize
 v er the full parameter space varying all six parameters. We use
ublicly av ailable po wer spectrum and bispectrum measurements
or these simulation boxes (Villaescusa-Navarro et al. 2021 ). 2 Where
navailable, we calculate the power spectrum and bispectrum, using
he publicly available code PYLIANS . 3 

.2 Baryonic effects on the power spectrum and bispectrum 

he left-hand panel of Fig. 1 shows the measurement of the power
pectrum suppression caused by baryonic effects in the TNG,
IMBA, and Astrid simulations for their fiducial feedback settings.
he right two panels of the figure show the impact of baryonic effects
n the bispectrum for two different tringle configurations (equilateral
nd squeezed). To compute these quantities, we use the matter power
pectra and bispectra of the hydrodynamical simulations (hydro) and
he dark-matter only (DMO) simulations generated at varying initial
onditions (ICs). For each of the 27 unique IC runs, we calculate
he ratios � P / P DMO = ( P hydro − P DMO )/ P DMO and � B / B DMO =
 B hydro − B DMO )/ B DMO . As the hydro-dynamical and the N -body
imulations are run with same initial conditions, the ratios � P / P DMO 

nd � B / B DMO are roughly independent of sample variance. 
It is clear that the amplitude of suppression of the small-scale
atter power spectrum can be significant: suppression on the order of

ens of percent is reached for all three simulations. It is also clear that
he impact is significantly different between the three simulations.
ven for the simulations in closest agreement (TNG and Astrid),

he measurements of � P / P DMO disagree by more than a factor of 2
t k = 5 h Mpc −1 . The width of the curves in Fig. 1 represents the
tandard deviation measured across the CV simulations, which all
ave the same parameter values but different initial conditions. For
he bispectrum, we show both the equilateral and squeezed triangle
onfigurations with cosine of angle between long sides fixed to μ =
.9. Interestingly, the spread in � P / P DMO and � B / B DMO increases
NRAS 525, 1779–1794 (2023) 

 See also https:// www.camel-simulations.org/ data . 
 https:// github.com/franciscovillaescusa/ Pylians3 

o
c
5

h
u

ith increasing k o v er the range 0 . 1 h Mpc −1 � k � 10 h Mpc −1 .
his increase is driven by stochasticity arising from baryonic

eedback. The middle and right-hand panels show the impact of
eedback on the bispectrum for the equilateral and squeezed triangle
onfigurations, respectively. 

Throughout this work, we will focus on the regime 0 . 3 h Mpc −1 <

 < 10 h Mpc −1 . Larger scales modes are not present in the
25 Mpc h 

−1 ) 3 CAMELS simulations, and in any case, the impact of
eedback on large scales is typically small. Much smaller scales, on
he other hand, are difficult to model even in the absence of baryonic
eedback (Schneider et al. 2016 ). In Appendix A , we sho w ho w the
atter power suppression changes when varying the resolution and

olume of the simulation boxes. When comparing with the original
NG boxes, we find that while the box sizes do not change the
easured power suppression significantly, the resolution of the boxes

as a non-negligible impact. This is expected since the physical effect
f feedback mechanisms depend on the resolution of the simulations.
ote that the errorbars presented in Fig. 1 will also depend on the
efault choice of feedback values assumed. 

.3 Measuring gas profiles around halos 

e use 3D grids of various fields (e.g. gas density and pressure) made
vailable by the CAMELS team to extract the profiles of these fields
round dark matter haloes. The grids are generated with resolution
f 0.05 Mpc h −1 . Follo wing v an Daalen et al. ( 2020 ), we define f b 
s ( M gas + M stars )/ M total , where M gas , M stars , and M total are the mass
n gas, stars, and all the components, respectively. The gas mass is
omputed by integrating the gas number density profile around each
alo. We typically measure f b within the spherical o v erdensity radius
 500c . 4 

The SZ effect is sensitive to the electron pressure. We compute
he electron pressure profiles, P e , using P e = 2( X H + 1)/(5 X H +
) P th , where P th is the total thermal pressure, and X H = 0.76 is the
rimordial hydrogen fraction. Given the electron pressure profile, we
easure the integrated SZ signal within r 500c as 

 500c = 

σT 

m e c 2 

∫ r 500c 

0 
4 πr 2 P e ( r ) d r , (1) 

here σ T is the Thomson scattering cross-section, m e is the electron
ass, and c is the speed of light. 
We normalize the SZ observables by the self-similar expectation

Battaglia et al. 2012b ), 5 

 
SS = 131 . 7 h 

−1 
70 

(
M 500 c 

10 15 h 
−1 
70 M �

)5 / 3 
�b 

0 . 043 

0 . 25 

�m 

kpc 2 , (2) 

here M 200 c is mass inside r 200 c and h 70 = h /0.7. This calculation,
hich scales as M 

5/3 , assumes hydrostatic equilibrium and that
he baryon fraction is equal to cosmic baryonic fraction. Hence,
eviations from this self-similar scaling provide a probe of the
ffects of baryonic feedback. Our final SZ observable is defined
s Y 500 c / Y SS . On the other hand, the amplitude of the pressure
rofile approximately scales as M 

2/3 . Therefore, when considering
he pressure profile as the observable, we factor out a M 

2/3 scaling. 
 v erdensity mass ( M � c ) such that the mean density within r � is � times the 
ritical density ρcrit , M � = � 

4 
3 πr 3 � 

ρcrit . 
 Note that we use spherical o v erdensity mass corresponding to � = 500 and 
ence adjust the coefficients accordingly, while keeping other approximations 
sed in their deri v ations as the same. 

https://www.camel-simulations.org/data
https://github.com/franciscovillaescusa/Pylians3
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Figure 2. Forecast constraints on the feedback parameters when 
log Y 500 c / Y SS in two halo mass bins is treated as the observable. Even when 
the cosmological model is fixed (red contours), the AGN parameters (e.g. 
A AGN2 ) remain ef fecti vely unconstrained (note that we impose a Gaussian 
prior with σ (ln p ) = 1 on all feedback parameters, p ). When the cosmological 
model is free (blue contours), all feedback parameters are unconstrained. We 
assume that the only contribution to the variance of the observable is sample 
variance coming from the finite volume of the CAMELS simulations. 
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 RESULTS  I :  SIMULATIONS  

.1 Inferring feedback parameters from f b and y 

e first consider how the halo Y signal can be used to constrain
he parameters describing the subgrid physics models. This question 
as been previously investigated using the CAMELS simulations 
y Moser et al. ( 2022 ) and Wadekar et al. ( 2022 ). The rest of our
nalysis will focus on constraining changes to the power spectrum 

nd bispectrum, and our intention here is mainly to provide a basis
f comparison for those results. 
Similar to Wadekar et al. ( 2022 ), we treat the mean log ( Y 500 c / Y SS )

alue of all the haloes in two mass bins (10 12 < M(M � h 
−1 ) < 5 ×

0 12 and 5 × 10 12 < M(M � h 
−1 ) < 10 14 ) as our observable; we refer

o this observable as � d . In this section, we restrict our analysis to only
he TNG simulations. Here and throughout our investigations with 
AMELS, we ignore the contributions of measurement uncertainty 

ince our intention is mainly to assess the information content of the
Z signals. We therefore use the CV simulations to determine the 
ovariance, C , of the � d . Note that the level of CV will depend on the
olume probed, and can be quite large for the CAMELS simulations.
iven this covariance, we use the Fisher matrix formalism to forecast 

he precision with which the feedback and cosmological parameters 
an be constrained. 

The Fisher matrix, F ij , is given by 

 ij = 

∂ � d T 

∂ θi 

C 
−1 ∂ 

� d 

∂ θi 

, (3) 

here θ i refers to the i th parameter value. Calculation of the 
eri v ati ves ∂ � d / ∂ θi is complicated by the large amount of stochastic-
ty between the CAMELS simulations. To perform the deri v ati ve
alculation, we use a radial basis function interpolation method 
ased on Cromer et al. ( 2022 ) and Moser et al. ( 2022 ). We show an
xample of the deri v ati ve calculation in Appendix B . We additionally
ssume a Gaussian prior on parameter p with σ (ln p ) = 1 for the
eedback parameters and σ ( p ) = 1 for the cosmological parameters.
he forecast parameter covariance matrix, C p , is then related to the
isher matrix by C p = F 

−1 . 
The parameter constraints corresponding to our calculated Fisher 
atrix are shown in Fig. 2 . We show results only for �m , A SN1 , and
 AGN2 , but additionally marginalize o v er σ 8 , A SN2 , and A AGN1 . The
e generac y directions seen in our results are consistent with those in
adekar et al. ( 2022 ). We find a weaker constraint on A AGN2 , likely

wing to the large sample variance contribution to our calculation. 
It is clear from Fig. 2 that the marginalized constraints on the

eedback parameters are weak. If information about �m is not used, 
e ef fecti v ely hav e no information about the feedback parameters.
ven when �m is fixed, the constraints on the feedback parameters 
re not very precise. This finding is consistent with Wadekar et al.
 2022 ), for which measurement uncertainty was the main source 
f variance rather than sample variance. Part of the reason for
he poor constraints is the de generac y between the AGN and SN
arameters. As we show below, the impacts of SN and AGN feedback
an have opposite impacts on the Y signal; moreo v er, ev en A AGN1 

nd A AGN2 can have opposite impacts on Y . These degeneracies, as
ell as degeneracies with cosmological parameters lik e �m , mak e 

t difficult to extract tight constraints on the feedback parameters 
rom measurements of Y . Ho we ver, for the purposes of cosmology,
e are ultimately most interested in the impact of feedback on the
atter distribution, and not the values of the feedback parameters 

hemselves. These considerations moti v ate us to instead explore 
irect inference of changes to the statistics of the matter distribution
rom the Y observables. This will be the focus of the rest of the paper.

.2 f b and y as probes of baryonic effects on the matter power 
pectrum 

s discussed abo v e, van Daalen et al. ( 2020 ) observ ed a tight cor-
elation between suppression of the matter power spectrum and the 
aryon fraction, f b , in haloes with 6 × 10 13 M � � M 500 c � 10 14 M �.
hat relation was found to hold regardless of the details of the

eedback implementation, suggesting that by measuring f b , one 
ould robustly infer the impact of baryonic feedback on the power
pectrum. We begin by investigating the connection between matter 
ower spectrum suppression and integrated tSZ parameter in low- 
ass, M ∼ 10 13 M �, haloes to test if similar correlation exists (c.f.
elgado et al. ( 2023 ) for a similar figure between f b and � P / P DMO ).
e also consider a wider range of feedback models than van Daalen

t al. ( 2020 ), including the SIMBA and Astrid models. 
Fig. 3 shows the impact of cosmological and feedback param- 

ters on the relationship between the power spectrum suppression 
 � P / P DMO ) and the ratio Y 500c / Y SS for the SIMBA simulations.
ach point corresponds to a single simulation, taking the average 
 v er all haloes with 10 13 < M(M � h 

−1 ) < 10 14 when computing
 500c / Y SS . Note that since the halo mass function rapidly declines
t high masses, the average will be dominated by the low-mass
aloes. We observe that the largest suppression (i.e. more ne gativ e
 P / P DMO ) occurs when A AGN2 is large. This is caused by powerful
GN jet-mode feedback ejecting gas from haloes, leading to a 

ignificant reduction in the matter power spectrum, as described 
y e.g. Borrow, Angl ́es-Alc ́azar & Dav ́e ( 2020 ); van Daalen et al.
 2020 ); and Gebhardt et al. ( 2023 ). For SIMBA, the parameter A AGN2 

ontrols the velocity of the ejected gas, with higher velocities (i.e.
igher A AGN2 ) leading to gas ejected to larger distances. On the
ther hand, when A SN1 or A SN2 are large, � P / P DMO is small. This
MNRAS 525, 1779–1794 (2023) 
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Figure 3. We show the relation between matter power suppression at k = 

2 h Mpc −1 and the integrated tSZ signal, Y 500 c / Y SS , of haloes in the mass 
range 10 13 < M (M � h −1 ) < 10 14 in the SIMBA simulation suite. In each of 
six panels, the points are colored corresponding to the parameter value given 
in the associated colourbar. 
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s because efficient supernovae feedback prevents the formation of
assive galaxies which host AGN and hence reduces the strength of

he AGN feedback. The parameter A AGN1 , on the other hand, controls
he radiative quasar mode of feedback, which has slower gas outflows
nd thus a smaller impact on the matter distribution. 

It is also clear from Fig. 3 that increasing �m reduces | � P / P DMO | ,
elatively independently of the other parameters. By increasing �m ,
he ratio �b / �m decreases, meaning that haloes of a given mass have
ewer baryons, and the impact of feedback is therefore reduced. We
ropose a very simple toy model for this effect in Section 3.3 . 
The impact of σ 8 in Fig. 3 is less clear. For haloes in the mass range

hown, using the 1P set of simulations, we find that increasing σ 8 

eads to a roughly monotonic decrease in Y 500 c (and f b ), presumably
ecause higher σ 8 means that group-scale halo masses increase
hrough mergers, hence making the AGN more active which pushes
he gas out of the haloes (Davies et al. 2019 ). This effect would not
ccur for cluster-scale haloes because these are rare and large enough
o gravitationally dominate their local environments, giving them f b 

�b / �m , regardless of σ 8 . In any case, no clear trend with σ 8 is
een in Fig. 3 because σ 8 does not correlate strongly with � P / P DMO .

Fig. 4 shows the relationship between � P / P DMO at k = 2 h Mpc −1 

nd f b or Y 500 c in different halo mass bins and for different amounts
f feedback, coloured by the value of A AGN2 . As in Fig. 3 , each point
epresents an average over all haloes in the indicated mass range for a
articular CAMELS simulation (i.e. at fixed values of cosmological
nd feedback parameters). Note that the meaning of A AGN2 is not
xactly the same across the different feedback models, as noted in
ection 2 . For TNG and SIMBA we expect increasing A AGN2 to lead

o stronger AGN feedback driving more gas out of the haloes, leading
o more power suppression without strongly regulating the growth of
lack holes. Ho we ver, for Astrid, increasing A AGN2 parameter would
ore strongly regulate and suppress the black hole growth in the

ox since controls the efficiency of thermal mode of AGN feedback
Ni et al. 2022 ). This drastically reduces the number of high mass
lack holes and hence ef fecti vely reducing the amount of feedback
hat can push the gas out of the haloes, leading to less matter power
uppression. We see this difference reflected in Fig. 4 where for the
strid simulations the points corresponding to high A AGN2 , result in
 P / P DMO ∼ 0, in contrast to TNG and SIMBA suite of simulations.
For the highest mass bin (10 13 < M(M � h 

−1 ) < 10 14 , rightmost
olumn of Fig. 4 ) our results are in agreement with van Daalen et al.
 2020 ): we find that there is a robust correlation between between
 b /( �b / �m ) and the matter power suppression (also see Delgado et al.
n preparation). This relation is roughly consistent across different
eedback subgrid models, although the different models appear to
opulate different parts of this relation. Moreo v er, varying A AGN2 

ppears to mo v e points along this relation, rather than broadening
he relation. This is in contrast to �m , which as shown in Fig. 3 ,
ends to mo v e simulations in the direction orthogonal to the narrow
 500 c - � P / P DMO locus. For this reason, and given current constraints
n �m , we restrict Fig. 4 to simulations with 0.2 < �m < 0.4. The
ashed curves shown in Fig. 4 correspond to the toy model discussed
n Section 3.3 . 

At low halo mass, the relation between f b /( �b / �m ) and � P / P DMO 

ppears similar to that for the high-mass bin, although it is somewhat
atter at high f b , and somewhat steeper at low f b . Again the results are
airly consistent across the different feedback prescriptions, although
oints with high f b /( �b / �m ) are largely absent for SIMBA. This is
ecause the feedback mechanisms are highly efficient in SIMBA,
riving the gas out of their parent haloes. 
The relationships between � P / P DMO and Y appear quite similar to

hose between � P / P DMO and f b /( �b / �m ). This is not too surprising
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Figure 4. Impact of baryonic physics on the matter power spectrum at k = 2 h Mpc −1 for the TNG, SIMBA, and Astrid simulations (top, middle, and bottom 

rows). Each point corresponds to an average across haloes in the indicated mass ranges in a different CAMELS simulation. We restrict the figure to simulations 
that have 0.2 < �m < 0.4. The dashed curves illustrate the behaviour of the model described in Section 3.3 when the gas ejection distance is large compared to 
the halo radius and 2 π / k . 
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ecause Y is sensitive to the gas density, which dominates f b /( �b / �m ).
o we ver, Y is also sensitive to the gas temperature. Our results

uggest that variations in gas temperature are not significantly 
mpacting the Y 500 c –� P / P DMO relation. The possibility of using the
SZ signal to infer the impact of feedback on the matter distribution
ather than f b /( �b / �m ) is therefore appealing. This will be the focus
f the remainder of the paper. 
Fig. 5 shows the same quantities as Fig. 4 , but now for a fixed halo
ass range (10 13 < M/ (M � h 

−1 ) < 10 14 ), fixed subgrid prescription
TNG), and varying values of k . We find roughly similar results
hen using the different subgrid physics prescriptions. At low k , we
nd that there is a regime at high f b /( �b / �m ) for which � P / P DMO 

hanges negligibly. It is only when f b /( �b / �m ) becomes very low
hat � P / P DMO begins to change. On the other hand, at high k , there
s a near-linear relation between f b /( �b / �m ) and � P / P DMO . 

.3 A toy model for power suppression 

e now describe a simple model for the effects of feedback on the
elation between f b or Y and � P / P DMO that explains some of the
eatures seen in Figs 3 –5 . We assume in this model that it is removal
f gas from haloes by AGN feedback that is responsible for changes
o the matter power spectrum. SN feedback, on the other hand, can
revent gas from accreting on to the SMBH and therefore reduce 
he impact of AGN feedback (Habouzit, Volonteri & Dubois 2017 ; 
ngl ́es-Alc ́azar et al. 2017c ). This scenario is consistent with the

act that at high SN feedback, we see that � P / P DMO goes to zero
the second panel from the bottom in Fig. 3 ). Stellar feedback can
lso prevent gas from accreting on to low-mass haloes (Pandya et al.
020 , 2021 ). In some sense, the distinction between gas that is ejected
y AGN and gas that is prevented from accreting on to haloes by
tellar feedback does not matter for our simple model. Rather, all
hat matters is that some amount of gas that would otherwise be in
he halo is instead outside of the halo as a result of feedback effects,
nd it is this gas which is responsible for changes to the matter power
pectrum. 

We identify three rele v ant scales: (1) the halo radius, R h , (2) the
istance to which gas is ejected by the AGN, R ej , and (3) the scale
t which the power spectrum is measured, 2 π / k . If R ej � 2 π / k ,
hen there will be no impact on � P at k : this corresponds to a
earrangement of the matter distribution on scales well below where 
e measure the power spectrum. If, on the other hand, R ej � R h , then

here will be no impact on f b or Y , since the gas is not ejected out of
he halo. We therefore consider four regimes defined by the relative
mplitudes of R h , R ej , and 2 π / k , as described below. Note that there
s not a one-to-one correspondence between physical scale in con- 
guration space and 2 π / k ; therefore, the inequalities below should
e considered as approximate. The four regimes are as follows: 

(i) Regime 1: R ej < R h and R ej < 2 π / k . In this regime, changes to
he feedback parameters have no impact on f b or � P . 

(ii) Regime 2: R ej > R h and R ej < 2 π / k . In this regime, changes
o the feedback parameters result in mo v ement along the f b or Y -axis
ithout changing � P . Gas is being remo v ed from the halo, but the
MNRAS 525, 1779–1794 (2023) 
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M

Figure 5. Similar to Fig. 4 , but for dif ferent v alues of k . For simplicity, we show only the TNG simulations for haloes in the mass range 10 13 < M(M � h −1 ) < 

10 14 . The dashed curves illustrate the behaviour of the model described in Section 3.3 in the regime that the radius to which gas is ejected by AGN is larger than 
the halo radius, and larger than 2 π / k . As expected, this model performs best in the limit of high k and large halo mass. 
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esultant changes to the matter distribution are below the scale at
hich we measure the power spectrum. Note that Regime 2 cannot
ccur when R h > 2 π / k (i.e. high-mass haloes at large k ). 
(iii) Regime 3: R ej > R h and R ej > 2 π / k . In this regime, changing

he feedback amplitude directly changes the amount of gas ejected
rom haloes as well as � P / P DMO . 

(iv) Regime 4: R ej < R h and R ej > 2 π / k . In this regime, gas is not
jected out of the halo, so f b and Y should not change. In principle,
he redistribution of gas within the halo could lead to changes in
 P / P DMO . Ho we ver, as we discuss below, this does not seem to

appen appreciably in practice. 

Let us now consider the behaviour of � P / P DMO and f b or Y as the
eedback parameters are varied in Regime 3. A halo of mass M is
ssociated with an o v erdensity δm in the absence of feedback, which
s changed to δ′ 

m 
due to ejection of baryons as a result of feedback.

n Regime 3, some amount of gas, M ej , is completely remo v ed from
he halo. This changes the size of the o v erdensity associated with the
alo to 

δ′ 
m 

δm 

= 1 − M ej 

M 

. (4) 

he change to the power spectrum is then 

�P 

P DMO 
∼

(
δ′ 
m 

δm 

)2 

− 1 ≈ −2 
M ej 

M 

, (5) 

here we have assumed that M ej is small compared to M . We have
gnored the k dependence here, but in Regime 3, the ejection radius
s larger than the scale of interest, so the calculated � P / P DMO should
pply across a range of k in this regime. 

The ejected gas mass can be related to the gas mass in the absence
f feedback. We write the gas mass in the absence of feedback
s f c ( �b / �m ) M , where f c encapsulates non-feedback processes that
esult in the halo having less than the cosmic baryon fraction. We
hen have 

 ej = f c ( �b /�m ) M − f b M − M 0 , (6) 

here M 0 is the mass that has been remo v ed from the gaseous halo,
ut that does not change the power spectrum, e.g. the conversion of
as to stars. Substituting into equation ( 5 ), we have 

�P 

P DMO 
= −2 

f c �b 

�m 

(
1 − f b �m 

f c �b 
− �m M 0 

f c �b M 

)
. (7) 

n other words, for Regime 3, we find a linear relation between
 P / P DMO and f b �m / �b . For high mass haloes, we should have f c 
NRAS 525, 1779–1794 (2023) 
1 and M 0 / M ≈ 0. In this limit, the relationship between f b and
 P / P DMO becomes 

�P 

P DMO 
= −2 

�b 

�m 

(
1 − f b �m 

�b 

)
, (8) 

hich is linear between endpoints at ( � P / P DMO , f b �m / �b ) =
 −2 �b / �m , 0) and ( � P / P DMO , f b �m / �b ) = (0, 1). We show this
elation as the dashed line in the f b columns of Figs 4 and 5 . 

We can repeat the abo v e argument for Y . Unlike the case with f b ,
rocesses other than the removal of gas may reduce Y ; these include,
.g. changes to the gas temperature in the absence of AGN feedback,
r non-thermal pressure support. We account for these with a term
 0 , defined such that when M ej = M 0 = 0, we have Y + Y 0 =
 c ( �b / �m ) MT / α, where we have assumed constant gas temperature,
 , and α is a dimensionful constant of proportionality. We ignore
etailed modeling of variation in the temperature of the gas due
o feedback and departures from hydrostatic equilibrium (Ostriker,
ode & Babul 2005 ). We then have 

α( Y + Y 0 ) 

T 
= f c ( �b /�m ) M − M ej − M 0 . (9) 

ubstituting the abo v e equation into equation ( 5 ), we have 

�P 

P DMO 
= −2 

f c �b 

�m 

(
1 − α( Y + Y 0 ) �m 

f c T M�b 
− �m M 0 

f c �b M 

)
. (10) 

ollowing equation ( 2 ), we define the self-similar value of Y , Y SS ,
ia 

Y 
SS /T = ( �b /�m ) M, (11) 

eading to 

�P 

P DMO 
= −2 

f c �b 

�m 

(
1 − ( Y + Y 0 ) 

f c Y 
SS 

− �m M 0 

f c �b M 

)
. (12) 

gain taking the limit that f c ≈ 1 and M 0 / M ≈ 0, we have 

�P 

P DMO 
= −2 

�b 

�m 

(
1 − ( Y + Y 0 ) 

Y 
SS 

)
. (13) 

hus, we see that in Regime 3, the relation between Y / Y SS and
 P / P DMO is linear. The Y / Y SS columns of Figs 4 show this rela-

ionship, assuming Y 0 = 0. 
In summary, we interpret the results of Figs 4 and 5 in the following

ay. Starting at low feedback amplitude, we are initially in Regime
. In this regime, the simulations cluster around f b f c �m / �b ≈ 1 (or
 ≈ Y 0 ) and � P / P DMO ≈ 0 since changing the feedback parameters

n this regime does not impact f b or � P / P DMO . For high mass haloes,
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e have f c ≈ 1 and Y 0 ≈ 0 (although SIMBA appears to have Y 0 >
, even at high mass); for low-mass haloes, f c < 1 and Y 0 > 0. As
e increase the AGN feedback amplitude, the behaviour is different 
epending on halo mass and k : 

(i) For low halo masses or low k , increasing the AGN feedback
mplitude leads the simulations into Regime 2. Increasing the 
eedback amplitude in this regime moves points to lower Y / Y SS 

or f b �m / �b ) without significantly impacting � P / P DMO . Eventually,
hen the feedback amplitude is sufficiently strong, these haloes enter 
egime 3, and we see a roughly linear decline in � P / P DMO with
ecreasing Y / Y SS (or f b �m / �b ), as discussed abo v e. 
(ii) For high-mass haloes and high k , we never enter Regime 2

ince it is not possible to have R ej > R h and R ej < 2 π / k when R h is very
arge. In this case, we eventually enter Regime 3, leading to a linear
rend of decreasing � P / P DMO with decreasing Y / Y SS or f b �m / �b ,
s predicted by the abo v e discussion. This behaviour is especially
lear in Fig. 5 : at high k , the trend closely follows the predicted linear
elation. At low k , on the other hand, we see a more prominent Regime
 region. The transition between these two regimes is expected to 
ccur when k ∼ 2 π / R h , which is roughly 5 Mpc −1 h for the halo mass
egime shown in the figure. This expectation is roughly confirmed in 
he figure. 

Interestingly, we do not observe an appreciable Regime 4 be- 
aviour: when the halo mass is large and k is large, we do not see
apid changes in � P / P DMO with little change to f b and Y . This could
e because this regime corresponds to movement of the gas entirely 
ithin the halo. If the gas has time to re-equilibrate, it makes sense

hat we would see little change to � P / P DMO in this regime. Although
ote that this behaviour can contribute to the scatter observed in the
ight-hand panels of Fig. 5 . 

.4 Predicting the power spectrum suppression from the halo 
bser v ables 

hile the toy model described abo v e roughly captures the trends
etween Y (or f b ) and � P / P DMO , it of course does not capture all
f the physics associated with feedback. It is also clear that there is
ignificant scatter in the relationships between observable quantities 
nd � P . It is possible that this scatter is reduced in some higher
imensional space that includes more observables. To address both of 
hese issues, we now train statistical models to learn the relationships
etween observable quantities and � P / P DMO . We will focus on
esults obtained with random forest regression (Breiman 2001 ). We 
ave also tried using neural networks to infer these relationships, 
 ut ha ve not found any significant impro v ement with respect to
he random forest results, presumably because the space is low- 
imensional (i.e. we consider at most about five observable quantities 
t a time). We leave a detailed comparison with other decision tree
ased approaches, such as gradient-boosted trees (Friedman 2001 ) 
o a future study. 

We train a random forest model to go from observable quantities 
e.g. f b /( �b / �m ) and Y 500 c / Y SS ) to a prediction for � P / P DMO at
ultiple k values. The random forest model uses 100 trees with a
ax depth = 10. 6 In this section, we analyse the haloes in the mass bin
 × 10 12 < M halo (M � h 

−1 ) < 10 14 , but we also show the results for
aloes with lower masses in Appendix D . We also consider supplying
 We use a publicly available code: ht tps://scikit -learn.org/stable/modules/ 
enerated/sklear n.ensemble.RandomFor estRegressor .html . We also verified 
hat our conclusions are robust to changing the settings of the random forest. 

7

d
c
p
w

he values of �m as input to the random forest, since it can be
onstrained precisely through other observations (e.g. primary CMB 

bservations), and as we showed in Section 3.2 , the cosmological
arameters can impact the observables. 7 

Ultimately, we are interested in making predictions for � P / P DMO 

sing observable quantities. However, the sample variance in the 
AMELS simulations limits the precision with which we can 
easure � P / P DMO . It is not possible to predict � P / P DMO to better

han this precision. We will therefore normalize the uncertainties in 
he RF predictions by the CV error. In order to obtain the uncertainty
n the predictions, we randomly split the data into 70 per cent training
nd 30 per cent test set. After training the RF regressor using the
raining set and a given observable, we compute the 16th and 84th
ercentiles of the distribution of prediction errors e v aluated on the
est set. This constitutes our assessment of prediction uncertainty. 

Fig. 6 shows the accuracy of the RF predictions for � P / P DMO when
rained on stacked f b (for haloes in 5 × 10 12 < M halo (M � h 

−1 ) <
0 14 ) and �m , normalized to the sample variance error in � P / P DMO .
s we will show later in this section, this combination of inputs

esults in precise constraints on the matter power suppression. 
pecifically to obtain the constraints, after training the RF regressor 
n the train simulations, we predict the � P / P DMO on test simulation
oxes at four scales. Thereafter, we create a histogram of the
ifference between truth and predicted � P / P DMO , normalized by the
ariance obtained from the CV set of simulations, for each respective
uite of simulations (see Fig. 1 ). In Fig. 6 , each errorbar corresponds
o the 16th and 84th percentile from this histogram and the marker
orresponds to its peak. We show the results of training and testing
n a single simulation suite, and also the results of training/testing
cross different simulation suites. It is clear that when training and
esting on the same simulation suite, the RF learns a model that
omes close to the best possible uncertainty on � P / P DMO (i.e. CV).
hen training on one or two simulation suites and testing another,

o we ver, the predictions show bias at low k . This suggests that the
odel learned from one simulation does not generalize very well 

o another in this regime. This result is somewhat different from
he findings of van Daalen et al. ( 2020 ), where it was found that
he relationship between f b and � P / P DMO did generalize to different
imulations. This difference may result from the fact that we are
onsidering a wider range of feedback prescriptions than in van 
aalen et al. ( 2020 ), as well as considering significant variations in

osmological parameters. 
Fig. 6 also shows the results of testing and training on all three

imulations (black points with errorbars). Encouragingly, we find 
hat in this case, the predictions are of comparable accuracy to those
btained from training and predicting on the same simulation suite. 
his suggests that there is a general relationship across all feedback
odels that can be learned to go from �m and f b to � P / P DMO .
enceforth, we will show results trained on all simulation suites 

nd tested on all simulations suites. Of course, this result does not
mply that our results will generalize to some completely different 
eedback prescription. 

In Fig. 7 , we show the results of training the random forest on
ifferent combinations of f b , Y 500 c , and �m . Consistent with the
ndings of van Daalen et al. ( 2020 ), we find that f b /( �b / �m ) results
MNRAS 525, 1779–1794 (2023) 

 One might worry that using cosmological information to constrain � P / P DMO 

efeats the whole purpose of constraining � P / P DMO in order to impro v e 
osmological constraints. Ho we ver, observ ations, such as those of CMB 

rimary anisotropies, already provide precise constraints on the matter density 
ithout using information in the small-scale matter distribution. 

https://scikit-learn.org/stable/modules/generated/sklearn.ensemble.RandomForestRegressor.html
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Figure 6. We show the results of the random forest regressor predictions for the baryonic power suppression, represented by � P / P DMO , across the LH suite of 
simulations at four different scales k using the subgrid physics models for TNG, SIMBA, and Astrid. The model was trained using the average f b of haloes with 
masses between 5 × 10 12 < M(M � h −1 ) < 10 14 and the cosmological parameter �m . The errorbars indicate the uncertainty in the predictions normalized by 
the uncertainity in the CV suite at each scale, showing the 16–84 percentile error on the test set. The gray band represents the expected 1 σ error from the CV 

suite. The model performs well when the training and test simulations are the same. When tested on an independent simulation, it remains robust at high k but 
becomes biased at low k . The results presented in the remainder of the paper are based on training the model on all three simulations. The data points at each 
scale are staggered for clarity. 

Figure 7. Similar to Fig. 6 , but showing results when training the RF model on dif ferent observ ables from all three simulations (TNG, SIMBA, and Astrid) to 
predict � P / P DMO of a random subset of the the three simulations not used in training. We find that jointly training on the deviation of the integrated SZ profile 
from the self-similar expectation, Y 500 c / Y SS and �m results in inference of power suppression that is comparable to CV errors, with small impro v ements when 
additionally adding the baryon fraction ( f b ) of haloes in the abo v e mass range. 
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n robust constraints on the matter power suppression (blue points

ith errors). These constraints come close to the CV limit across a
ide range of k . 
We additionally find that providing f b and �m as separate inputs

o the RF impro v es the precision of the predictions for � P / P DMO 

elative to using just the combination f b /( �b / �m ), with the largest
mpro v ement coming at small scales. This is not surprising given the
redictions of our simple model, for which it is clear that � P / P DMO 

an be impacted by both �m and f b /( �b / �m ) independently. Simi-
arly, it is clear from Fig. 3 that changing �m changes the relationship
etween � P / P DMO and the halo gas-derived quantities (like Y and f b ).
NRAS 525, 1779–1794 (2023) 
We next consider a model trained on Y 500 c / Y SS (orange points
n Fig. 7 ). This model yields reasonable predictions for � P / P DMO ,
lthough not quite as good as the model trained on f b /( �b / �m ). The
 / Y SS model yields somewhat larger errorbars, and the distribution of
 P / P DMO predictions is highly asymmetric. When we train the RF
odel jointly on Y 500 c / Y SS and �m (green points), we find that the

redictions impro v e considerably, particularly at high k . In this case,
he distributions of the predicted � P / P DMO are typically symmetric
round the true � P / P DMO , have smaller uncertainty compared to
he model trained on f b /( �b / �m ), and comparable uncertainty to
he model trained on { f b /( �b / �m ), �m } . We thus conclude that when
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Figure 8. Same as Fig. 7 but showing results from using the full pressure profile, P e ( r ), and electron number density profiles, n e ( r ), instead of the integrated 
quantities. We again find that with pressure profile and �m information we can reco v er robust and precise constraints on the matter power suppression. 
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ombined with matter density information, Y / Y SS provides a powerful 
robe of baryonic effects on the matter power spectrum. 
Abo v e we have considered the integrated tSZ signal from haloes,

 500 c . Measurements in data, ho we ver, can potentially probe the
SZ profiles rather than only the integrated tSZ signal (although 
he instrumental resolution may limit the extent to which this is
ossible). In Fig. 8 , we consider RF models trained on the stacking
he full electron density and pressure profiles in the halo mass range
nstead of just the integrated quantities. The electron pressure and 
umber density profiles are measured in eight logarithmically spaced 
ins between 0.1 < r / r 200 c < 1. We find that while the ratio P e ( r )/ P 

SS 

esults in robust predictions for � P / P DMO , simultaneously providing
m makes the predictions more precise. Similar to the integrated 

rofile case, we find that additionally providing the electron density 
rofile information only marginally impro v es the constraints. We also 
how the results when jointly using the measured pressure profiles 
or both the low and high mass haloes to infer the matter power
uppression. We find that this leads to only a marginal impro v ements
n the constraints. 

Note that we have input the 3D pressure and electron density 
rofiles in this case. Even though observed SZ maps are projected 
uantities, we can infer the 3D pressure profiles from the model used
o analyse the projected correlations. 

.5 Predicting baryonic effects on the bispectrum with f b and 

he electron pressure 

n Fig. 9 , we repeat our analysis from abo v e to make predictions
or baryonic effects on the matter bispectrum, � B ( k )/ B ( k ). Similar
o the matter power spectrum, we train and test our model on a
ombination of the three simulations. We train and test on equilateral 
riangle bispectrum configurations with different scales k . We again 
ee that information about the electron pressure and �m results in 
recise and unbiased constraints on the impact of baryonic physics on 
he bispectrum. The constraints impro v e as we go to the small scales.
n Appendix E , we show similar methodology applied to squeezed 
ispectrum configurations. 
Ho we ver, there are se veral important caveats to these results.

he bispectrum is sensitive to high-mass ( M > 5 × 10 13 M � h 
−1 )
aloes (Foreman et al. 2020 ) that are missing from the CAMELS
imulations. Consequently, our measurements of baryonic effects on 
he bispectrum can be biased when using CAMELS. The simulation 
esolution can also impact the bispectrum significantly. A future 
nalysis with larger volume sims at high resolution could use 
he methodology introduced here to obtain more robust results. 
inally, there is likely to be covariance between the power spectrum
uppression and baryonic effects on the bispectrum, as they both stem
rom same underlying physics. We defer a complete exploration of 
hese effects to future work. 

 RESULTS  I I :  AC T X D E S  MEASUREMENTS  

N D  FORECAST  

ur analysis abo v e has resulted in a statistical model (i.e. a random
orest regressor) that predicts the matter power suppression � P / P DMO 

i ven v alues of Y 500 c for lo w-mass haloes. This model is robust to
ignificant variations in the feedback prescription, at least across 
he SIMBA, TNG, and Astrid models. We now apply this model
o constraints on Y 500 c coming from the cross-correlation of galaxy 
ensing shear with tSZ maps measured using DES and ACT data. 

Gatti et al. ( 2022a ) and P ande y et al. ( 2022 ) measured the cross-
orrelations of DES galaxy lensing with Compton y maps from a
ombination of Advanced ACT (Madhavacheril et al. 2020 ) and 
lanck data (Planck Collaboration et al. 2016 ) o v er an area of
00 square de grees. The y analyse these cross-correlations using 
 halo model framework, where the pressure profile in haloes 
as parametrized using a generalized Navarro–Frenk–White profile 

Navarro, Frenk & White 1996 ; Battaglia et al. 2012a ). This pressure
rofile is described using four free parameters, allowing for scaling 
ith mass, redshift and distance from halo centre. The constraints 
n the parameterized pressure profiles can be translated directly into 
onstraints on Y 500 c for haloes in the mass range rele v ant to our
andom forest models. 

We use the parameter constraints from P ande y et al. ( 2022 ) to
enerate 400 samples of the inferred 3D profiles of halos at z = 0 (i.e.
he redshift at which the RF models are trained) in ten logarithmically
paced mass bins in range 12 . 7 < log 10 ( M/h 

−1 M �) < 14. We then
erform the volume integral of these profiles to infer the Y 500c ( M ,
MNRAS 525, 1779–1794 (2023) 
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Figure 9. Same as Fig. 7 , but for the impact of feedback on the bispectrum in equilateral triangle configurations. We find that the inclusion of pressure profile 
information results in unbiased constraints on feedback effects on the bispectrum. 
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) (see equation 1 ). These constraints are generated while fixing the
osmological parameters to the fiducial cosmology of the CAMELS
imulations used in the CV set. 

Next, we generate a halo-averaged value of Y 500 c / Y SS for the j th
ample by integrating over the halo mass distribution in CAMELS: 

Y 500c 

Y 
SS 

〉j 

= 

1 

n̄ j 

∫ 
d M 

(
d n 

d M 

)j 

CAMELS 

Y 

j 

500c ( M) 

Y 
SS 

, (14) 

here n̄ j = 

∫ 
d M (d n/ d M ) j CAMELS and (d n/ d M ) j CAMELS are a ran-

omly chosen halo mass function from the CV set of boxes of
NG, SIMBA, or Astrid. This procedure allows us to incorporate

he impact and uncertainties of the CAMELS box size on the halo
ass function. Note that due to the small box size of CAMELS,

here is a deficit of high mass haloes and hence the functional form
f the mass function differs somewhat from other fitting functions
n literature, e.g. Tinker et al. ( 2008 ). Ho we ver, the model trained
sing the random forest regressor in Section 3.4 naturally uses the
alo selection corresponding to the simulation boxes. Therefore,
n order to have same selection applied to the input data while
tacking the haloes, we use the halo mass function from the CV
et of CAMELS boxes. We leave the analysis with marginalizing
 v er the cosmological parameters and its impact on the halo mass
istribution to a future study. 
Fig. 10 shows the results feeding the Y 500 c / Y SS values calculated

bo v e into our trained RF model to infer the impact of baryonic
eedback on the matter power spectrum (black points with errorbars).
he RF model used is that trained on the TNG, SIMBA, and Astrid
imulations. The errorbars represent the 16th and 84th percentile of
he reco v ered � P / P DMO distribution using the 400 samples described
bo v e. This uncertainity captures both the observational uncertainties
n the P ande y et al. ( 2022 ), the uncertainties in the RF model
resented in Section 3.4 , as well as the stochastic error in the halo
ass function due to small box sizes as described abo v e. Note again

hat in this inference we fix the matter density parameter, �m = 0.3,
ame value as used by the CAMELS CV simulations as we use these
o estimate the halo mass function. 

In the same figure, we also show the constraints from Chen et al.
 2023 ) and Schneider et al. ( 2022 ) obtained using the analysis of
NRAS 525, 1779–1794 (2023) 
omplementary data sets. Chen et al. ( 2023 ) analyse the small-scale
osmic shear measurements from DES Year-3 data release using
 baryon correction model. Note that in this analysis, they only
se a limited range of cosmologies, particularly restricting to high
8 due to the requirements of emulator calibration. Moreo v er, the y
lso impose cosmology constraints from the large-scale analysis of
he DES data. Note that unlike the procedure presented here, their

odeling and constraints are sensitive to the priors on σ 8 . Schneider
t al. ( 2022 ) analyse the X-ray data (as presented in Giri & Schneider
021 ) and kSZ data from ACT and SDSS (Schaan et al. 2021 ) and
he cosmic shear measurement from KiDS (Asgari et al. 2021 ), using
nother version of baryon correction model. A joint analysis from
hese complementary data set leads to crucial de generac y breaking in
he parameters. It would be interesting to include the tSZ observations
resented here in the same framework, as it can potentially make the
onstraints more precise. 

Sev eral cav eats about our analysis with data are in order. First,
he lensing-SZ correlation is most sensitive to haloes in the mass
ange of M halo ≥ 10 13 M � h 

−1 . Ho we ver, our RF model operates on
aloes with mass in the range of 5 × 10 12 ≥ M halo ≤ 10 14 M � h 

−1 ,
ith the limited volume of the simulations restricting the number
f haloes abo v e 10 13 M � h 

−1 . We hav e attempted to account for
his selection effect by using the halo mass function from the CV
ims of the CAMELS simulations when calculating the stacked
rofile. Ho we ver, using a larger volume simulation suite would be
 better alternative (also see discussion in Appendix A ). Moreo v er,
he CAMELS simulation suite also fix the value of �b . There may
e a non-trivial impact on the inference of � P / P DMO when varying
hat parameter. Note, though, that �b is tightly constrained by other
osmological observations. Lastly, the sensitivity of the lensing-SZ
orrelations using DES galaxies is between 0.1 < z < 0.6. Ho we ver,
n this study we extrapolate those constraints to z = 0 using the
ressure profile model of Battaglia et al. ( 2012a ). We note that
nference obtained at the peak sensitivity redshift would be a better
lternative but we do not expect this to have a significant impact on
he conclusions here. 

In order to shift the sensitivity of the data correlations to lower halo
asses, it would be preferable to analyse the galaxy-SZ and halo-SZ

orrelations. In P ande y et al. ( 2020 ), we forecast the constraints on
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Figure 10. Constraints on the impact of feedback on the matter power spectrum obtained using our trained random forest model applied to measurements 
of Y 500c / Y SS from the DESxACT analysis of P ande y et al. ( 2022 ) (black points with errorbars). We also show the expected improvements from future halo- y 
correlations from DESIxS4 using the constraints in P ande y et al. ( 2020 ). We compare these to the inferred constraints obtained using cosmic shear (Chen et al. 
2023 ) and additionally including X-ray and kSZ data (Schneider et al. 2022 ). We also compare with the results from larger simulations: OWLS (Schaye et al. 
2010 ), BAHAMAS (McCarthy et al. 2017 ), and TNG-300 (Springel et al. 2018 ). 
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he inferred 3D pressure profile from the future halo-SZ correlations 
sing DESI group catalog and CMB-S4 SZ maps for a wide range
f halo masses. In Fig. 10 , we also show the expected constraints on
he matter power suppression using the halo-SZ correlations from 

aloes in the range M 500 c > 5 × 10 12 M � h 
−1 . We again follow the

ame methodology as described abo v e to create a stacked normalized
ntegrated pressure (see equation 14 ). Moreover, we also fix � = 0.3
o predict the matter power suppression. Note that we shift the mean
alue of � P / P DMO to the reco v ered value from BAHAMAS high-
GN simulations (McCarthy et al. 2017 ). As we can see in Fig. 10 ,
e can expect to obtain significantly more precise constraints from 

hese future observations. Note here that the forecast constraints 
n the pressure profile in P ande y et al. ( 2020 ) that are the input
o obtain these tight constraints on � P / P DMO fold in the expected
ncertainties in the relation between richness and halo masses as 
ell as the impact of halo mis-centering. Therefore the errorbars in 
ig. 10 also incorporate the impact of these uncertainties on inferring

he matter power suppression in addition to the uncertainties in the 
F model as presented in Section 3.4 . 

 C O N C L U S I O N S  

e have shown that the tSZ signals from low-mass haloes contain 
ignificant information about the impacts of baryonic feedback on 
he small-scale matter distribution. Using models trained on hydrody- 
amical simulations with a wide range of feedback implementations, 
e demonstrate that information about baryonic effects on the power 

pectrum and bispectrum can be robustly extracted. By applying 
hese same models to measurements with ACT and DES, we have 
hown that current tSZ measurements already constrain the impact 
f feedback on the matter distribution. Our results suggest that using
imulations to learn the relationship between halo gas observables 
nd baryonic effects on the matter distribution is a promising way
orward for constraining these effects with data. 

Our main findings from our explorations with the CAMELS 

imulations are the following: 

(i) In agreement with van Daalen et al. ( 2020 ), we find that baryon
raction in haloes correlates with the power spectrum suppression. 

e find that the correlation is especially robust at small scales. 
(ii) We find (in agreement with Delgado et al. in preparation) that

here can be significant scatter in the relationship between baryon 
raction and power spectrum suppression at low halo mass, and that
he relationship varies to some degree with feedback implementation. 
o we ver, the bulk trends appear to be consistent regardless of

eedback implementation. 
(iii) We find that Y 500 c carries complementary information on the 
atter power suppression and we find similarly robust correlation 

etween � P / P DMO and Y 500 c at small scales. 
(iv) We propose a simple model that qualitatively (and in some 

ases quantitatively) captures the broad features in the relationships 
etween the impact of feedback on the power spectrum, � P / P DMO ,
t different values of k , and halo gas-related observables like f b and
 500 c at different halo masses. 
(v) Despite significant scatter in the relations between Y 500 c and 
 P / P DMO at low halo mass, we find that simple random forest models

ield tight and robust constraints on � P / P DMO given information
bout Y 500 c in low-mass haloes and �m . 

(vi) Using the pressure profile instead of just the integrated Y 500c 

ignal provides additional information about � P / P DMO , leading to
0–50 per cent impro v ements when not using any cosmological
nformation. When additionally providing the �m information, the 
MNRAS 525, 1779–1794 (2023) 
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mpro v ements in constraints on baryonic changes to the power
pectrum or bispectrum are modest when using the full pressure
rofile relative to integrated quantities like Y 500 c . 
(vii) The pressure profiles and baryon fractions also carry infor-
ation about baryonic effects on the bispectrum. 

Our main results from our analysis of constraints from the
ESxACT shear- y correlation analysis are 

(i) We have used the DES-ACT measurement of the shear-tSZ
orrelation from Gatti et al. ( 2022a ) and P ande y et al. ( 2022 ) to
nfer Y 500 c for haloes in the mass range rele v ant to our random forest

odels. Feeding the measured Y 500 c into these models, we have
nferred the impact of baryonic effects on the power spectrum, as
hown in Fig. 10 . 

(ii) We show that constraints on baryonic effects on the power
pectrum will impro v e significantly in the future, particularly using
alo catalogs from DESI and tSZ maps from CMB-S4. 

With data from future galaxy and CMB surv e ys, we e xpect
onstraints on the tSZ signal from haloes across a wide mass and
edshift range to impro v e significantly. These impro v ements will
ome from both the galaxy side (e.g. haloes detected o v er larger
reas of the sky, down to lower halo masses, and out to higher
edshifts) and the CMB side (more sensitive tSZ maps o v er larger
reas of the sky). Our forecast for DESI and CMB Stage 4 in Fig. 10
uggests that very tight constraints can be obtained on the impact
f baryonic feedback on the matter power spectrum. We expect that
hese constraints on the impact of baryonic feedback will enable the
xtraction of more cosmological information from the small-scale
atter distribution. 
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PPEN D IX  A :  I M PAC T  O F  LIMITED  VO LU ME  

F  C A M ELS  SIMULATIONS  

n order to analyse the impact of varying box sizes and resolution
n the matter power suppression, we use the TNG simulations as
resented in Springel et al. ( 2018 ). Particularly, we use their boxes
ith side lengths of 205, 75, and 35 Mpc h −1 (which they refer to as
NG-300, TNG-100, and TNG-50 as it corresponds to side length in 

he units of Mpc). We then make the comparison to 25 Mpc h −1 TNG
oxes run from CAMELS. We use the CV set of simulations and use
hem to infer the expected variance due to stochasticity induced by 
hanging initial conditions. Note that the hydrodynamical model is 
dentical between CAMELS CV runs and the bigger TNG boxes. In
ig. A1 , we show the power suppression for these boxes, including

he runs at varying resolution. We find that while changing box 
izes gi ves relati vely robust values of power suppression, changing 
esolution can hav e non-ne gligible impact. Ho we ver, all the TNG
oxes are consistent at 2–3 σ level relative to the CAMELS boxes. 
igure A1. Comparison of the suppression of matter power in the CAMELS 
nd TNG simulations using the same subgrid prescription but larger box sizes 
Springel et al. 2018 ). We also show 1 σ and 2 σ uncertainty due to CV. In 
he top panel we change the TNG box sizes, while preserving the resolution, 
here as in the bottom panel we preserve the TNG box size while changing 

he resolution. 
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PPENDI X  B:  EXAMPLE  O F  EMULATI O N  

e present an example of the constructed emulator from Section 3.1
or the A AGN1 parameter in Fig. B1 . This shows how we estimate the
eri v ati ve of the observable ( Y 500 c / M 

5/3 ) in a way that is robust to
tochasticity. 

igure B1. The constructed emulator and resulting deri v ati ve for the A AGN1 

arameter in the mass bin 10 12 < M (M �/ h ) < 5 × 10 12 . 

PPENDI X  C :  RO BUSTNESS  O F  RESULTS  TO  

I FFERENT  T R A I N  SI MULATI ONS  

n Fig. C1 , we test the impact of changing the simulations used to
rain the random forest regressor. We then use these different trained

odels to infer the constraints on the matter power suppression 
rom the same stacked 〈 Y 500 c / Y SS 〉 as described in Section 4 . We see
hat our inferred constraints remain consistent when changing the 
MNRAS 525, 1779–1794 (2023) 

imulations. 

igure C1. In this figure, we change the simulations used to train the RF 
hen inferring the power suppression from the data measurements. 
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M

Figure D1. Same as Figs 7 and 8 , but obtained on lower halo masses, 1 × 10 12 < M(M � h −1 ) < 5 × 10 12 . We find that having pressure profile information 
results in unbiased constraints here as well, albeit with a larger errorbars. 
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PPENDIX  D :  TEST  WITH  LOWER  H A L O  

ASSES  

n Fig. D1 , we show the constraints on the power suppression
btained by analysing the observables obtained from haloes with
ower masses, 1 × 10 12 < M(M � h 

−1 ) < 5 × 10 12 . We see that re-
arkably, e ven these lo wer halo masses provide unbiased constraints

n the matter power suppression with robust inference especially at
maller scales. Ho we ver, when compared to the results described in
ection 3.2 , we obtain less precise constraints. This is expected as

ower haloes with lower masses are more susceptible to environmen-
al effects that induces a larger scatter in the relation between their
NRAS 525, 1779–1794 (2023) 

Figure E1. Same as Fig. 9 , but for squeez

his paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 
bservables (such as f b or Y 500 c ) and their halo masses go v erning
eedback processes. 

PPENDI X  E:  TEST  WI TH  OTH E R  

ISPECTRUM  C O N F I G U R AT I O N S  

n Fig. E1 , we show the constraints obtained on the suppression of the
queezed bispectrum configurations. We fix the the angle between
he long sides of the triangle to correspond to μ = 0.9. We again find
obust inference of baryonic effects on the bispectrum when using
ither the integrated pressure profile or full radial pressure profile. 
ed triangle configurations ( μ = 0.9). 
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