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Abstract: Upcoming cosmic shear analyses will precisely measure the cosmic matter dis-
tribution at low redshifts. At these redshifts, the matter distribution is affected by galaxy
formation physics, primarily baryonic feedback from star formation and active galactic nuclei.
Employing measurements from the Magneticum and IllustrisTNG simulations and a
dark matter + baryon (DMB) halo model, this paper demonstrates that Sunyaev-Zel’dovich
(SZ) effect observations of galaxy clusters, whose masses have been calibrated using weak
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systematic errors on S8 and Ωm reaching 10% and 50% of the statistical errors, respectively.
For LSST-Y6 and Roman surveys, these systematic errors increase to 150% and 100% of the
statistical errors, indicating the necessity for further model developments for future surveys.
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1 Introduction

Weak gravitational lensing is a powerful probe of cosmic structure formation that measures the
total (dark and luminous) matter distribution without requiring a bias model relating matter
to more directly observable astrophysical tracers. While the total matter distribution is shaped
primarily by gravity, it is also affected by small-scale astrophysical processes, particularly
baryonic feedback from galaxy formation. Hence, a correct cosmological interpretation of weak
lensing measurements has to accurately account for the impacts of galaxy formation physics on
the total matter distribution [see, e.g., 1, for a review]. This is a challenging modeling problem:
much of the weak lensing signal-to-noise is derived from scales where gravitational evolution
is already non-linear, with the physics of galaxy formation adding further non-linearities,
limiting the use of perturbative approaches. Hence, modeling galaxy formation’s impact on
the total (non-linear) matter distribution relies on numerical simulations.

Simulations that incorporate galaxy formation physics in addition to gravity can, in
principle, predict the modulation of matter clustering due to feedback from galaxy formation
physics [see, e.g., 2, for a review]. Practically, however, such simulations require modeling
physics across a wide range of scales, making them notoriously computationally expensive.
Furthermore, galaxy formation incorporates a wide range of uncertain physical processes that
cannot be simulated ab initio, making it hard to judiciously choose physical processes to be
modeled and free parameters associated with them. Recent efforts have produced simulations
spanning a wide range of free parameters regarding the physics of baryonic feedback from
galaxy formation, with the aim of marginalizing over this uncertain galaxy formation physics
in cosmological analyses [3–5]. However, questions remain about whether the range of galaxy
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formation physics explored in simulations is wide enough to model the range of possible
impacts of baryonic physics in the real universe. Conversely, uncertainties in galaxy formation
models and the flexibility of the models used to summarize the simulation results limit the
precision of the cosmological interpretation of weak gravitation lensing.

Many approaches have been developed to mitigate this uncertainty of baryonic feedback
from galaxy formation. The key cosmology analyses of the Year 1 (Y1) and Year 3 (Y3) Dark
Energy Survey (DES) data sets [6–9] remove cosmic shear measurements on scales expected
to be affected by baryonic physics. While this approach is the most conservative, it removes
about one-third of the signal-to-noise. [10] reanalyze DES-Y1 data, including cosmic shear
on scales affected by baryonic physics, and marginalize uncertainties of baryonic physics
predicted by 11 numerical simulations that implement different galaxy formation models.
While the conclusion depends on the ranges of baryonic physics explored (see also [11]), they
find that the uncertainties of baryonic physics are sufficiently large to remove most of the
constraining power of the additional data in the most conservative setting. Further, [12–14]
incorporate baryon correction models that alter gravity-only simulations according to a dark
matter + baryon (DMB) halo model to mimic the impact of baryonic physics on matter
clustering. They reanalyze survey datasets and find similar conclusions as [10], that most
of the signal-to-noise on additional cosmic shear measurements relative to key cosmological
analyses goes to constrain baryonic physics instead of cosmology.

Adding more observables to constrain baryonic physics is, therefore, important to convert
the additional signal-to-noise in small-scale cosmic shear measurements to cosmological
constraints. Cosmic gas is redistributed by baryonic physics that modulates the total matter
distribution, making observations of its distribution particularly constraining on relevant
baryonic physics [15]. Numerous programs [14, 16–22] have explored observations of the
cosmic gas distribution to constrain modulations of matter clustering due to baryonic feedback,
some of which [14, 16] have been combined with weak gravitational lensing analyses, leading
to different levels of improvements on cosmological constraints. Specifically, [16] employ the
cross-correlation of thermal Sunyaev-Zel’dovich (tSZ) signal detected in the cosmic microwave
background (CMB) and weak lensing shear. A couple of works explore the cross-correlation
of kinematic Sunyaev-Zel’dovich (kSZ) signal detected in the CMB, weak lensing shear [14],
and spectroscopically selected galaxies [14, 23]. [18] use X-ray background and cosmic shear
cross-correlation. [19] and [14] explore the measured gas contents from X-ray observations of
galaxy clusters. While promising, interpretations of these observations face several theoretical
challenges. Constraining the modulation of the matter distribution from these observations
is a two-step process: one has to link observations to the cosmic gas distribution and then
link the cosmic gas distribution to the total matter distribution. Each of these steps incurs
additional modeling complexities. While the second step is shared by all cosmic gas probes,
the first step varies with each observational method. For instance, kSZ observations measure
the electron distribution around galaxies, whose interpretation requires a model to connect
those galaxies with their associated dark matter halos [see, e.g., 24, for a review]. All sky X-ray
background measurements can contain unresolved point sources such as active galactic nuclei
and low-mass galaxy clusters [25–30]. Further, the X-ray signal depends on both gas density
and the metallicity and temperature distribution [e.g., 31]. Finally, tSZ measures the electron
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pressure, whose connections to total thermal pressure require assumptions that the electrons
and protons are in thermal equilibrium. This assumption is questionable at the outskirts of
the halos [32–36] and has not been validated in cosmological hydrodynamic simulations.

In this paper, we demonstrate the prospect of using the mean mass of tSZ galaxy clusters
in bins of their tSZ signal, ⟨M |Y500c⟩, to constrain the modulation of matter clustering due to
baryonic feedback.1 The link between measurements of cosmic baryonic physics in the form of
cluster mean mass-tSZ scaling relations and the modulation of the total matter distribution
is established via a DMB halo model [38]. This approach offers unique advantages that
complement the existing constraints from X-ray cluster gas fraction measurements [19]. For
instance, while tSZ clusters typically have higher mass limits compared to X-ray clusters,
their selection function is less redshift dependent [e.g. 39], making them well-suited for
cosmic shear analyses, which are sensitive to the matter distribution across a wide range of
redshifts. In addition, mass estimates of individual clusters are noisy due to measurement
and modeling uncertainties. This is especially true for the weak gravitational lensing mass
calibration, where the signal is small. Stacking of many clusters to boost the signal-to-noise
is thus common in ongoing weak lensing studies [40, 41], making them only sensitive to
the mean mass-observable relation of the considered samples [see, e.g., section 6.3.3 of 39].
Therefore, the mean mass-tSZ signal relation ⟨M |Y500c⟩ considered in this paper is directly
connected to the data, requiring fewer assumptions on the observable-mass relation than
the gas fraction-cluster mass relation ⟨fgas|M⟩.

The ⟨M |Y500c⟩ measured from SZ clusters only constrains baryonic redistribution in
high mass halos. A critical insight, validated in this paper using analytic halo models and
hydrodynamic simulations, is that these high mass halos contribute significantly to the impact
of baryons on the cosmic shear correlation function so that constraints from ⟨M |Y500c⟩ are
enough to sharply reduce the baryonic physics uncertainties in cosmic shear analyses. This
insight is aligned with the findings in [4], where the authors show that baryonic processes in
high-mass halos are connected to the global matter power spectrum suppression. We anticipate
that this approach can also mitigate uncertainties in the interpretation of galaxy-galaxy
lensing measurements, but we defer the investigation of this topic to future work.

The paper is organized as follows. In section 2, we briefly summarize the main result of
the paper by demonstrating the proposed analyses on two numerical simulations. In section 3,
we detail the modeling framework. Section 4 demonstrates the significance of galaxy clusters
in constraining the modulation of matter clustering due to baryonic feedback. Specifically,
we dissect the sensitivity of cosmic shear to different physical scales and halo mass ranges. In
section 5, we discuss the implications of the proposed analyses on cosmic shear studies in DES-
Y3, LSST-Y1, LSST-Y6, and Roman. We conclude in section 6. In appendix A, we compare
the modulation of matter clustering and power spectra predicted by different hydrodynamic
simulations and three empirical models. Throughout the paper, we adopt the following
notation for halo mass: M200,500c = 4

3πr3
200,500c[200, 500]ρc, and r200,500c is the radius at which

the averaged enclosed density of the halo is 200, 500 times larger than the critical density of
the universe ρc. In the calculations associated with M200,500c, we assume an NFW profile.

1[37] has considered the prospect of using the ⟨Y |M⟩ of low mass halos to constrain the modulation of matter
power spectra. But, we note that those studies are dominated by halos with a mass lower than our mass limit.
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2 Summary of main result: validation of the proposed analyses on two
different hydrodynamic simulations

In this paper, we employ the DMB halo model [38, 42, 43] to link measurements of cosmic
baryonic physics in the form of mean cluster mass-tSZ scaling relations to the modulation of the
total matter distribution. The relation between tSZ measurements and the effects of feedback
on the total matter distribution is complicated by the detection threshold limiting the tSZ
measurement to fairly massive clusters (M500c > 1.13 × 1014M⊙,2 for the SPT-3G experiment
considered here [44]), which amount to only 7% of the total cosmic matter distribution.
Predicting the modulation of the total matter correlation function due to baryonic feedback
thus relies on several model assumptions extrapolating the impact of feedback to lower halo
masses. However, as we detail in section 4, galaxy clusters contribute significantly to the
baryonic modulation of the cosmic shear signal on the relevant scales, and their impact on
the baryonic modulation is expected to be correlated to those of low-mass halos [4].

To further validate our approach and confirm the appropriateness of extrapolating
the model to lower halo masses, we first demonstrate its performance on two different
hydrodynamical simulations: Magneticum Pathfinder [45] and IllustrisTNG [46]. These
two simulations differ in many aspects, including different cosmological parameters for initial
conditions (WMAP7 [47] vs Planck15 [48]), different hydrodynamic treatments (smoothed
particle hydrodynamics vs moving-mesh finite volume), different box size ((352h−1Mpc)3,
(205h−1Mpc)3), and different mass resolutions (6.9 × 108h−1M⊙, 4 × 107h−1M⊙). While both
simulations employ feedback mechanisms linked to [49, 50], each has undergone significant
development and refinement in subsequent studies [45, 51]. In combination, these differences
lead to different predictions in the modulation of matter clustering due to the presence of
baryons (see orange and olive lines in figure 8).

This paper considers the mean cluster mass-tSZ relation ⟨M |Y500c⟩ as our data vector,
where Y500c is the integrated tSZ signal within R500c. Our data vector is constructed using
the 3-D integrated tSZ signal (Y500c, see (3.14)) from IllustrisTNG-300 and Box2hr of
Magneticum Pathfinder [52]. Halos are binned by Y500c to measure their mean masses,
mimicking the weak lensing mass calibration approach in data analyses. Halos below the
SPT-3G detection threshold are excluded. The remaining bins are assigned 5% uncertainties
reflecting the mass calibration uncertainties of the recent joint SPT and DES-Y3 analyses [41].3
This data vector constrains our DMB halo model detailed in section 3 by employing a standard
MCMC sampler [53] with a Gaussian likelihood and priors summarized in table 1.

We draw one hundred samples from the posterior on the baryon halo model parameters
and predict the modulation of the matter correlation function within this model (blue
symbols and error bars in figure 8). We then compare this with the direct measurement
of the matter correlation function suppression from the hydrodynamic simulations (orange
and olive lines in figure 1). We see that galaxy clusters with weak lensing mass calibrations

2We verify our result on M500c > 3 × 1014M⊙ corresponding to the mass limit of SPT-Pol [44] and find
consistent result, indicating that the constraints are limited by mass calibration accuracy instead of mass limits.

3We consider 9 and 8 Y500c bins for Magneticum and illustris-TNG respectively. The number of clusters in
each bin is [138, 74, 54, 37, 20, 17, 5, 2, 2] and [42, 23, 24, 9, 7, 2, 1, 2] respectively. For the Magneticum case,
we have checked that reducing to 5 bins does not change the result.
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Figure 1. Validation of our approach to constrain modulations of matter correlations using galaxy
cluster observables on two different hydrodynamical simulations, Magneticum (left) and Illus-
trisTNG (right). We use measurements of the cluster tSZ scaling relation ⟨M |Y500c⟩ measured in
these simulations, shown by the black symbols on the top panels, to constrain parameters of the halo
model, for which we show a hundred random samples from the DMB halo model posteriors as blue
lines to illustrate model spread. Note that we normalize the ⟨M |Y500c⟩ by Y

3/5
500c in the top panels to

reduce the dynamic range of the y-axis in the plot. The error bar shows the expected 1σ uncertainty
based on the recent SPT-DESY3 analyses [41]. When constraining the model, we only use bins with
M500c > 1.13 × 1014M⊙ reflecting the mass limit of SZ cluster analyses. In the bottom panels, the
blue symbols with 1σ errorbars show the matter correlation function suppression due to baryonic
feedback predicted within this halo model, constrained only by the ⟨M |Y500c⟩ measurement in each
simulation, with errors dominated by model parameter uncertainties (with priors listed in table 1). The
olive/orange lines show the matter correlation function suppression measured directly from the two
simulations, with errors dominated by cosmic variance. The errorbars show 1σ uncertainty estimated
with 27 jackknife resamplings.

place ≃ 2% constraints on the modulation of matter clustering at 1 h−1Mpc. Further, the
calculation based on galaxy clusters reproduces the directly measured modulation in both
hydrodynamic simulations, demonstrating that galaxy clusters contain important information
on the modulation of matter clustering due to the presence of baryons.

Some caveats remain in our study when considering its applicability to real data. The
three-dimensional Y500c is not a direct observable. For practical applications, it’s crucial to
corroborate our findings using the projected Y measurement. As pointed out in [54], the
large-scale tSZ may contribute as large as 20% of the total projected tSZ signal for the
mass range considered in our study. This 20% contribution might suffer from additional
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uncertainties in the modeling of the large-scale tSZ signal. We note, however, that this
source of uncertainty is likely subdominant to the mass calibration uncertainties considered
in current analyses. With future data that can reduce the mass calibration uncertainties, the
uncertainty on large-scale modeling contributed to the projected tSZ signal might become
significant. One might need to investigate possible mitigation methods, such as convolving
the measured tSZ signal with a CAP filter as adopted in [23]. We leave this investigation
for future work. Additional caveats include defining an observable radius and the center
of the halo for the tSZ signal measurements. While these will require additional modeling
complexities, We do not think these will fundamentally limit the accuracy of the analyses,
thus leaving the related investigations for future work.

3 Theory framework

3.1 A DMB halo model

This section shows our implementation of the DMB halo model.4 We note that the distribution
profiles of matter components used in this model follow [42, 43] with additional freedom to
account for their variations observed in hydrosimulations. For further details and validations,
we refer the reader to [38]. Here, we provide a brief summary. We model the matter
distribution ρ(r, M200c, z, c200c) around an isolated halo at a given mass (M200c) and redshift
(z) with three components, reading as

ρ(r, M200c, z, c200c) = ρgas(r, M200c, z) + ρcg(r, M200c) + ρclm(r, M200c, z, c200c), (3.1)

where ρgas(r, M200c, z) describes intracluster medium, ρcg(r, M200c) describes stars in the
central galaxy of the halo, ρclm(r, M200c, z, c200c) consists of stars in satellite galaxies and
dark matter, and r is the distance to the halo center.

These components depend on the total stellar fraction, fstar, and the stellar fraction in
the central galaxy, fcg, whose dependence on halo mass is modeled as

fstar(M200c) = 0.055
(

2.5 × 1011h−1M⊙
M200c

)ηstar

, (3.2)

fcg(M200c) = 0.055
(

2.5 × 1011h−1M⊙
M200c

)ηcg

, (3.3)

where ηstar = η and ηcg = η + δη

Following [43], the gas component ρgas(r, M200c, z) is modeled as a cored double power
law, written as

ρgas(r, M200c, z) ∝ Ωb/Ωm − fstar(M200c)
(1 + 10r/R200c)β(M200c,z) (1 + r/ (R200cθej))(δ−β(M200c,z))/γ

, (3.4)

4We note that variants of this model are often referred to as the baryonification model because of their use
to baryonify gravity-only simulations. Here, we use DMB halo model instead because we do not attempt to
baryonify simulations.
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where θej, δ, and γ are free parameters describing the gas ejection radius and slope, and
β(M200c, z) is modeled as

β(M200c, z) = 3
1 + (Mc0(1 + z)νz/M200c)µ

, (3.5)

where Mc0, νz, and µ are free parameters. The central galaxy component is modeled as
a truncated exponential profile,

ρcg(r, M200c) = fcg(M200c)
0.06π3/2R200cr2 exp

(
−
( r

0.03R200c

)2
)

. (3.6)

Based on the gravity-only simulation, the collisionless matter component ρclm is expected
to follow a truncated NFW profile [55]. However, the presence of gas and central galaxies
changes the gravitational potential, thus changing the distribution of collisionless matter.
We assume that the timescale of this potential change is much longer than that of the dark
matter orbiting time scale, thus modeling the effect as an adiabatic process. With these
assumptions, the ρclm can be written as

ρclm(r,M200c,z,c200c) = (1−Ωb/Ωm+fstar(M200c)−fcg(M200c))ρnfw (r/ζ(r,M200c,z,c200c), c200c)

ρnfw(r,c200c) ∝ 1(
rc200c
R200c

)(
1+ rc200c

R200c

)2
1(

1+
(

r
4R200c

)2
)2 ,

(3.7)

where R200c is the halo radius and c200c is the halo concentration. ζ(r, M200c, z, c200c) is
the root of

ζ−1 = 0.3

( ∫ r
0 ρnfw(t,c200c)t2dt∫ r

0 ρclm(t,M200c,z,c200c)t2dt+
∫ ζr

0 (ρgas(t,M200c,z)+ρcg(t,M200c)) t2dt

)2

−1

 ,

(3.8)
based on simulations [56]. Finally, ρclm(r, M200c, z, c200c) and ρgas(r, M200c, z) are normalized
by the same factor such that∫ ∞

0
(ρgas(r) + ρcg(r) + ρclm(r)) 4πr2dr =

∫ ∞

0
ρnfw(r)4πr2dr. (3.9)

3.2 Thermal SZ signal

The tSZ model implementation follows closely [57, 58]. Assuming hydrostatic equilibrium,
the total pressure profile, Ptot(r), is computed from the gas density profile via

Ptot(r) =
∫ ∞

r

GMtot(< t)
t2 ρgas(t, M200c, z)dt, (3.10)

Mtot(< r) = 4π

∫ r

0
t2ρ(t, M200c, z)dt. (3.11)

This total pressure includes thermal pressure Pthermal as well as contributions from non-
thermal processes, which do not contribute to the tSZ signal. Following [58], we use a simple
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Parameter Prior Description Relevant equations
Gas component

log10 Mc0 flat(13, 15) The pivot mass scales above which the slope of gas
profile becomes shallower than 3.

Equation (3.5)

νz flat(-1,1) Redshift dependence of the pivot mass scale. Equation (3.5)
µ flat(0,2) Mass dependence of profile slope. Equation (3.5)
θej flat(2,6) Maximum radius of gas ejection relative to R200c. Equation (3.4)
γ flat(1,4) Slope of gas profile. Equation (3.4)
δ flat(3,11) Slope of gas profile. Equation (3.4)
αnt flat(0.01, 0.4) Fraction of gas pressure caused by non-thermal processes. Equation (3.12)

Stellar component
η flat(0.21,0.36) Mass dependence of stellar fraction. Equation (3.2)
δη flat(0.05,0.4) Difference between mass dependence of stellar fraction

in central galaxies and total stellar fraction.
Equation (3.2)

Y-M relation
σlnY flat(0.1, 0.3) Scatter of the Y-M relation log-normal

Table 1. Parameters and priors of our halo model described in section 3.1.

fitting formula to determine the ratio of thermal pressure and total pressure profile:

Pthermal
Ptot

= max[0, 1 − αntf(z)(r/R500c)0.8],

f(z) = min[(1 + z)0.5, (6−0.8/αnt − 1)tanh(0.5z) + 1] (3.12)

where αnt is a free parameter. Finally, we assume that the gas is fully ionized and electrons
and protons are in thermal equilibrium within galaxy clusters. This equilibrium assumption is
generally valid at the center of galaxy clusters but is questionable at the outskirt [32, 33]. Since
we focus on the central region of clusters in this paper, we adopt this assumption for the rest
of the paper. With the equilibrium assumption, the electron pressure Pe can be computed as

Pe = 4 − 2Y

8 − 5Y
Pthermal (3.13)

where Y = 0.24 is the primordial helium mass fraction. With the electron pressure profile
Pe, the thermal SZ signal Y500c is given by

Y500c = σT
mec2

∫ R500c

0
Pe(r)4πr2dr, (3.14)

where σT is the Thomson cross section, me is the electron mass, and c is the speed of light.
We can then calculate the mean mass of clusters given Y500c bins, assuming a log-normal
Y500c-M relation. The mean of the relation is given by equation (3.14), and the scatter
σlnY is a free parameter.

The free parameters of this model and the associated priors assumed in analyses presented
in this paper are summarized in table 1. The priors on parameters associated with the gas
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profile and the scatter of the Y-M relation are chosen to be wide enough so that they are
uninformative. Since the tSZ-signal does not constrain the stellar component, we adopt
the prior on parameters associated with the stellar component as the 3σ uncertainties from
the analysis of ICM selected clusters [19].

3.3 Matter power spectrum and matter correlation function

The matter power spectrum Pmm(k, z) is computed as a sum of one-halo and two-halo
contributions. The one halo term P1H(k, z) is written as

P1H(k, z) =
∫ ∞

0
dc200c

∫ M2

M1
W (M200c, k, z, c200c)2n(M200c,z)p(c200c|M200c)dM200c, (3.15)

where we model the halo mass-concentration relation p(c200c|M200c) as a log-normal distri-
bution with a scatter 0.11 dex5 [59] and a mean following [60]. In the above equation, the
lower mass limit M1 is 1012h−1M⊙, the upper mass limit M2 is 1016h−1M⊙, the halo mass
function n(M200c, z) is modeled using the fitting function [61], and W (M200c, k, z, c200c) is
the fourier transform pair of ρ(r, M200c, z, c200c) which is given by

W (M200c, k, z, c) =
∫ ∞

0
4πr2 sin(kr)

kr

ρ(r, M200c, z, c200c)
ρm(z) dr, (3.16)

where ρm(z) is the average matter density of the universe.
The two halo term P2H(k, z) is given by the product of the linear power spectrum and

the square of the mean biases, written as,

P2H(k, z) = Plin(k, z) (I(M1, k, z) + A(M1, z))2 (3.17)

I(M1, k, z) =
∫ ∞

0
dc200c

∫ ∞

M1
W (M200c, k, z, c200c)n(M200c)p(c200c|M200c)b(M200c, z)dM200c

A(M1, z) = 1 − I(M1, k = 0, z),

where Plin(k, z) is the linear power spectrum of matter fluctuation, the linear halo bias
b(M200c, z) is modeled with the fitting function of [61], I(M, k, z) is the standard mean
bias, and M1 is the lower limit of the integral setting to 1012h−1M⊙.6 Because the matter
distribution is unbiased with respect to itself, the mean biases must approach 1 on large
scales. While the modeling of b(M, z) and n(M, z) in [61] guarantees that I(0, 0, z) = 1,
I(M1, 0, z) ̸= 0 when M1 ̸= 0. To mitigate this problem, we follow [62] to add A(M1, z) in
the mean bias calculation to ensure a proper asymptotic value at k = 0.

So far, our procedure of calculating the matter power spectrum adheres to the standard
halo model framework. Applying this to the DMB halo model provides the necessary flexibility
and physical ingredients to describe the baryonic impact of the matter power spectrum [43],
yet it approximates the gravity-induced non-linear matter power spectrum at the ≃ 20%
accuracy compared to accurate gravity-only simulation [e.g. 63]. Given that the non-linear
matter clustering induced by gravity can be accurately modeled with N-body simulations,

5We have checked that increasing the scatter by 50% does not change the result.
6As shown in figure 4, halos with mass less than M = 1012.5h−1M⊙ have negligible contributions to the

cosmic shear signal measured from DES-Y3, justifying our choices of the lower integration bound.
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it is natural to differentiate between non-linear clustering and baryonic impacts. Here, we
adopt the approach employed in [62, 63] that uses the halo model to describe the ratio of
the matter power spectrum in the presence of baryons to that in a gravity-only universe,
and uses more accurate models to describe the non-linear matter clustering. That is, our
model of the matter power spectrum Pmm(k, z) is

Pmm(k, z) = Pmm,G(k, z) PHM,B(k, z)
PHM,G(k, z) , (3.18)

where PHM,B(k, z) and PHM,G(k, z) are halo model power spectra obtained from the sum of
equations (3.15) and (3.17) calculated with DMB halo model ρ(r, M200c, z, c200c) and the
NFW profile ρNFW(r, c200c) respectively. The ratio of PHM,B(k, z) and PHM,G(k, z) describes
the baryonic impact on the matter power spectrum. Pmm,G(k, z) is the accurate matter power
spectrum in a gravity-only universe, which can come directly from gravity-only simulation [e.g.
64, 65] or accurate fitting functions [62, 66, 67]. For simplicity, we adopt the Eisenstein and
Hu transfer function [68] and Halofit implemented in [69] as Pmm,G(k, z) for this work. With
the matter power spectrum, one can then calculate the matter correlation function ξmm(r) via
Fourier transform, and cosmic shear correlation functions ξ+/−(θ) via Limber approximation,
Hankel transform, and an assumed redshift distribution.

4 Disecting the cosmic shear signal

With the DMB halo model, we study the contribution of different physical scales and halo
masses to cosmic shear correlation functions ξ+/−(θ) assuming a DES-Y3-like survey [8].
In this section, we adopt a Planck cosmology [71] and halo model parameters following
constraints from [19], which analyzes pressure profiles and stellar mass measurements around
ICM selected clusters: log10 Mc0 = 14.38, νz = 0, µ = 0.6, θej = 3.0, γ = 1.2, δ = 6.0,
αnt = 0.18, η = 0.24, δη = 0.08.

In figure 2, we compute the cosmic shear correlation functions assuming a DES-Y3
redshift distribution. We further break the correlation functions into contributions from
different comoving scales in configuration space. These scale cuts are implemented by Fourier
transforming the matter power spectrum into the 3D matter correlation function, applying a
top-hat filter, and Fourier transforming back to the matter power spectrum. The Fourier
transform is done with FFTLog algorithm implemented in mcfit.7 The plot shows that the
cosmic shear correlation function is sensitive to scales deep in the one-halo regime. Specifically,
one has to include scales down to 0.5 h−1Mpc to achieve modeling accuracy better than 1σ

at scales within DES-Y3 scale cuts in the two shown redshift bins, corresponding to a mean
galaxy redshift of 0.5 and 0.93 respectively. Further, at 2.5 arcmin scales and the considered
redshift ranges, we find that cosmic shear is insensitive to the matter correlation function at
scales less than 0.1 h−1Mpc, making it robust to the modeling of stellar mass in and around
central galaxies. Finally, the contribution from different halo mass ranges in cosmic shear
correlation functions is shown in figure 3. Interestingly, we see that including halos with
mass (M200c) greater than 1014 h−1M⊙ already leads to model deviations less than 1σ at

7https://github.com/eelregit/mcfit.
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as black symbols, with errorbars corresponding shape noise and cosmic variance of DES-Y3. The
blue/grey/orange/pink/green line are obtained by setting ξmm(r) = 0 for r < 10/5/1/0.5/0.1 h−1Mpc
in the computation of ξ±. The angular scales smaller than the purple dashed lines are excluded in the
DES-Y3 ΛCDM-optimized analyses with more aggressive scale cuts than the 3x2pt analyses [6, 7] than
the fiducial 3x2pt analysis [70] (light purple dot-dashed lines). This plot shows the auto and cross-
correlations of two DES-Y3 redshift bins corresponding to a mean redshift of 0.5 and 0.93, respectively.
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Figure 4. Contribution of different mass ranges to the matter correlation function (left) and their
contribution to the baryonic suppression of shear 2-point statistics (right). The first column shows the
matter correlation function, and the bottom left panel shows the fractional contribution of a specific
mass range for the one-halo term contribution from SZ-selected clusters (blue line), the one-halo
term contribution from halos with mass below the SZ detection threshold (orange line), and the
complete two-halo term (green line). The second column (black line) shows the baryonic feedback
suppression of ξ+ (top) and ξ− (bottom) at the highest redshift bin of DES-Y3. The blue, pink,
and yellow lines show the same suppression but assuming baryonic feedback affects only SZ-selected
clusters, redMaPPer-selected clusters, and group-scale halos, respectively. The inset plot in the top
right panel shows a zoomed-in version of the same plot. Note that here, we assume different cluster
samples are complete above a certain mass threshold. That is, SZ-selected clusters are a subset of
redMaPPer-selected clusters, which are a subset of group-scale halos.

scales within DES-Y3 scale cuts, indicating the significant contribution of matter in cluster
environments to total cosmic shear signals. This finding is consistent with those in [72], where
the authors performed a similar calculation in Fourier space.

So far, we have shown that galaxy clusters contribute significantly to the cosmic shear
correlation functions. To illustrate the potential of SZ galaxy clusters for constraining
baryonic impacts on cosmic shear, we separate the matter correlation function into three
components: one-halo contribution from galaxy clusters assuming SPT-3G mass limit
(M500c > 1.13 × 1014M⊙ [44]), one-halo contribution from halos below the mass limit,
and two-halo contribution, with relative contributions to the total matter correlation function
shown in the left column of figure 4. Consistent with the discussion of figure 4, SZ clusters
dominate the matter clustering signal on scales relevant to cosmic shears. In the right column
of figure 4 we quantify the contribution of baryonic feedback from the SZ cluster mass range to
the total baryonic modulation of cosmic shear. Specifically, the blue line in the right column of
figure 4 shows the modulation of cosmic shears, assuming that the baryonic effect only affects
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SZ clusters.8 Comparing this to the total cosmic shear modulations (black line) shows that SZ
clusters capture almost all baryonic effects in ξ+ and about one-third in ξ− down to 2.5′ scales.
This indicates that constraining the modulation of matter clustering below DES-Y3 scale cuts
with SZ clusters requires extrapolations of the baryon suppression model to lower halo masses,
despite the significant contribution of SZ clusters to the cosmic shear signal. While the
accuracy of this extrapolation has been validated in two hydrodynamic simulations figure 1, we
also explore the impact of extending the DMB halo model calibration to lower halo masses in
the right column of figure 4. We show the contribution of baryonic feedback from different halo
mass ranges to the total baryonic modulation of cosmic shear, specifically examining redMaP-
Per clusters from the DES [73] (magenta line) and the Tinker groups from SDSS [74] (yellow
line). For simplicity, we assume a single mass cut of M200c > 5 × 1013h−1M⊙ for redMaPPer
clusters and M200c > 5 × 1012h−1M⊙ for Tinker groups. Extending the selection threshold to
lower masses removes the need for extrapolation, but we caution that modeling the selection
function of these samples can be challenging. We also note that all samples fit DMB model
parameters with the same parameterization of the mass dependence, albeit over different
mass ranges, and are thus not immune to the mass scaling assumptions in eqs. (3.4) and (3.5).

5 Outlook

In this paper, we have demonstrated that employing the DMB halo model and the ⟨M |Y500c⟩
measurement of SZ clusters can precisely and accurately constrain the matter clustering
modulation (figure 1). We explore the implications of this precision and accuracy for both
current and future surveys. Assuming the DES-Y3 redshift distribution, figure 5 shows the
predicted modulation of cosmic shears by Magneticum simulations (olive lines).9 Predictions
using the DMB halo model, constrained by ⟨M |Y500c⟩ with the mass calibration accuracy
from the SPT-DESY3 joint analysis [41], are represented by blue dots with error bars
showing 1σ uncertainties. We show the statistical uncertainties (error bars of blue dots, DMB
uncertainties (covDMB) hereafter) and systematic biases (differences between blue dots and
olive lines, DMB misspecification (∆dDMB) hereafter) of the DMB halo model constrained
by SZ clusters to the measurement errors (covstat)10 of DES-Y3 (grey-shaded band) and the
expected measurement errors of LSST-Y1, LSST-Y6, and Roman High Latitude surveys
(green dotted/blue dashed/red-shaded bands). We model the measurement errors of future
surveys as a Gaussian covariance matrix generated with a code detailed in [79], using the
source redshift distributions, shape noise, source number density, and survey areas defined
in [75–77]. The assumed redshift distributions are shown in figure 6. For simplicity, we
assume the same angular binning as that of DES-Y3.

Since different surveys shown in figure 5 have different redshift binning, it is essential
to quantify the performance of the baryon mitigation method proposed here with a metric
that combines all redshift bins. We perform Fisher forecasts [see, e.g. 80, for a review]
to quantify the systematic biases and increased uncertainties in S8 = σ8(Ωm/0.3)0.5 due

8For simplicity, we assume the mass limit of SZ clusters to be redshift-independent and focus on the shear
correlation function at the fourth redshift bin of DES-Y3.

9We assume no redshift evolution in the matter clustering modulation for simplicity.
10While the plot only shows the diagonal terms, we include non-diagonal elements of covDMB estimated

from the DMB MCMC samples in the calculation below.
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Figure 5. Predictions of cosmic shear modulations due to baryonic feedback based on figure 1.
Predictions based on direct measurements in the Magneticum simulation for ξ+ (upper left) and ξ−
(lower right) in the DES-Y3 tomographic bins are shown as olive lines. Dots with 1σ error bars show
the DMB halo model prediction based on SZ cluster measurements in the simulations. The gray bands
show the 1σ fractional error of the DES-Y3 measurement [8], the red bands show that of the high
latitude survey of the Roman Space Telescope [75], the green dashed lines show that of LSST-Y1 [76],
and the blue dashed lines show that of LSST-Y6 [77]. For simplicity, we assume no redshift evolution
of baryonic impact on matter correlation functions.

to DMB misspecification and DMB parameter uncertainties. These analyses assume a
ΛCDM cosmological model and marginalize over observational and astrophysical systematics,
including shear calibration, photometric redshift uncertainties, and intrinsic alignments. The
constraining power on S8 of these surveys can degrade when considering a flexible model of
cosmic shear modulation. To make the most conservative assessment, we fix the DMB model
parameters when performing the Fisher forecasts. Our detailed implementation of these
observational and astrophysical systematics is described in [38], and the fiducial parameter
values and the priors for the analysis are summarized in table 2. For each survey, we calculate
the 1σ 1D-marginalized constraints on S8. We can then quantify the significance of the DMB
uncertainties relative to the measurement errors by calculating the increased 1σ uncertainties
of S8 due to DMB uncertainties. This is achieved by adopting covstat + covDMB as the
covariance matrix in the Fisher forecast instead of using covstat. To quantify the systematic
biases on S8 due to DMB misspecification, we further use the Fisher bias formalism [see, e.g.
80, for a review] to transform the measured DMB misspecification ∆dDMB into systematic
biases in S8 constraints. The result is summarized in table 3 and figure 7.11 We find that

11We note that the forecast results depend on prior choices for cosmology and nuisance parameters. In this
analysis, we adopt a Gaussian prior on Ωb, h to mimic the informative flat priors on these parameters adopted
by DES. The similarity of LSST-Y6 and Roman constraining power on S8 and Ωm is driven by differences in
shear calibration priors and differences in posteriors of other cosmological parameters.
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fourth panel). Contours show the 1σ region. The
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combining SZ clusters and the DMB halo model can constrain cosmic shear modulation
to an accuracy that leads to less than 0.2σ biases in S8 for DES-Y3 and LSST-Y1. This
bias exceeds 1σ for Roman and LSST-Y6, indicating a need for further investigations on
this systematic bias’s origin and mitigation method. This systematic bias can come directly
from the DMB halo model’s limited accuracy or the inaccurate DMB halo model parameters
constrained from high mass halos. The latter will be further reduced when performing
a joint analysis of cosmic shears and SZ clusters, where cosmic shears provide significant
signal-to-noise to constrain DMB halo model parameters. Hence, detailed simulated analyses
will be required to check whether the systematic bias on S8 can be improved in a joint
analysis. We leave this for future work.
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Parameter Fiducial value Prior (DES-Y3) Prior (LSST-Y1) Prior (LSST-Y6) Prior (Roman)
Cosmological Parameters

Ωm 0.31 U[−∞, ∞]
S8 0.8 U[−∞, ∞]
Ωb 0.049 G[0.049, 0.01]
ns 0.95 G[0.95, 0.012]
h 0.672 G[0.672, 0.1]

Intrinsic Alignment
AIA 0.1 G[0.1, 3]
ηIA 0.0 G[0.0, 3.8]

Shear Calibration
mi 0.0 G[0, 0.008] G[0, 0.013] G[0, 0.003] G[0, 0.002]

Photo-z Bias
∆i

z 0.0 G[0, 0.011] G[0, 0.002] G[0, 0.001] G[0, 0.002]

Table 2. The parameters varied, their fiducial values, and their priors in the fisher analysis detailed
in section 5. Priors are either uniform (U) or normally-distributed, G(µ, σ), where µ is the mean and
σ is the scatter. ns prior is chosen to be three times wider than the posterior of [71]. h and Ωb priors
are chosen to mimic the informative flat priors on these parameters adopted by DES [8].

DES-Y3 LSST-Y1 LSST-Y6 Roman
S8 systematic bias 0.08σ 0.26σ 1.40σ 0.98σ

S8 increased uncertainties 0.03σ 0.08σ (0.07σ) 0.60σ (0.46σ) 0.77σ (0.64σ)
S8 bias (no baryon model) 1.00σ 3.26σ 17.87σ 17.23σ

Table 3. Summary of systematic biases and increased uncertainties on S8 in the cosmic shear analyses
using the constrained DMB halo model relative to the statistical uncertainties marginalized over the
parameters in table 2. Numbers in the parenthesis are based on expected constraints of SPT-3G
clusters with mass calibrated from next generational weak lensing measurements [78]. In comparison,
the last row shows the S8 biases in the scenario when the real universe is like the Magneticum
simulation and baryonic feedback is completely ignored in the analysis. This forecast uses the full
range of angular scales from 2.5–250 arcmin.

Regarding the statistical uncertainties, we find that SZ clusters can constrain cosmic
shear modulation with a precision that leads to less than 0.1σ increases in S8 uncertainties in
DES-Y3 and LSST-Y1. However, this level of precision can lead to more than 0.5σ increases
in S8 uncertainties for LSST-Y10 and Roman. To better understand whether this uncertainty
may be reduced with future weak lensing mass calibrations of SZ clusters, we repeat the
analysis assuming a mass uncertainty of 2% according to [78], which forecasts an SPT-3G
cluster sample and a Euclid-like weak lensing survey with a source galaxy number density of
30 arcmin−2. The result is shown in the parenthesis in table 3 and figure 7. The increased
precision of mass calibration further reduces the S8 uncertainties, but the contribution of
the DMB halo model uncertainties to the total error budget in LSST-Y10 and Roman is
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still significant. We note that this statistical uncertainty can be reduced with satellite mass
constraints in SZ clusters [similar to 19, for X-ray clusters] and includes clusters with lower
detection significance. We leave these investigations for future work.

So far, our tests assume a fixed set of cosmological parameters. In practice, weak lensing
mass calibrations of galaxy clusters also depend on cosmology and share several systematics
with cosmic shears, such as photometric redshift biases and multiplicative biases of shape
measurements. Therefore, a combined analysis of cluster lensing and cosmic shear to constrain
cosmological parameters while marginalizing the baryon parameters in the DMB halo model
is the natural framework for obtaining rigorous constraints. It not only helps in tightening
constraints on cosmological parameters but also allows for a consistent model of different data.
While we do not explicitly test this combined analysis in this paper, our result indicates that
such analysis will work at the level of accuracy required for DES-Y3 and LSST-Y1 analyses.
The SZ cluster constraints with current survey data are expected to be precise and accurate
enough that the small-scale cosmic shear constraints on the cosmological parameters will not
be significantly degraded by marginalizing baryonic physics uncertainties.

6 Conclusion

Upcoming weak lensing surveys will achieve percent-level precision in measuring the total
matter distribution. This distribution is shaped by gravity and astrophysical processes, among
which baryonic feedback from galaxy formation plays a crucial role. Accurate and precise
constraints of baryonic feedback and its impact on the matter distribution are thus essential
to weak lensing cosmological studies. This paper shows that tSZ-selected galaxy clusters
with mass calibrated by current weak lensing data (DES-Y3) can constrain cosmic shear
modulations due to baryonic feedback with statistical and systematic errors subdominant
to DES-Y3 and LSST-Y1 measurement errors (figure 7 and table 3). This constraint is
achieved with a flexible DMB halo model.

Our main findings are as follows:

• In figure 2, we show that cosmic shears are sensitive to the matter correlation function
on scales less than 1 h−1Mpc. Specifically, excluding scales from 0.5 − 1 h−1Mpc will
make theories deviate by more than 1σ at scales above DES-Y3 scale cuts.

• Figure 3 shows that galaxy clusters contribute significantly to cosmic shears, suggesting
that constraining baryonic feedback with galaxy clusters can provide constraints on the
matter distribution at scales relevant to cosmic shear analyses.

• Employing the DMB halo model described in section 3, we break down the matter
clustering into contributions from matter residing in different environments. We
calculate cosmic shear modulations, assuming that baryonic feedback only affects SZ
clusters, and compare this with the total cosmic shear modulations. We find that
although figures 2 and 4 show that matter in clusters dominates matter clustering
at scales relevant to cosmic shear, our calculation suggests that using SZ clusters to
constrain total matter modulations still requires extrapolation of the model to lower
halo masses.
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• We test the accuracy of this extrapolation on two hydrodynamic simulations Mag-
neticum and IllustrisTNG. In figure 1, we show that using SZ clusters can precisely
and accurately constrain the modulation of the matter distribution. Figure 5 further
shows that this level of precision and accuracy is subdominant to measurement errors
in DES-Y3 and LSST-Y1.

• We perform Fisher analyses to quantify the effect of the DMB misspecification and
the DMB uncertainty on the S8 constraints from cosmic shear analyses in DES-Y3,
LSST-Y1, LSST-Y6, and Roman. In DES-Y3 and LSST-Y1, we find a systematic bias
on S8 less than 0.3σ with modestly increased uncertainties < 0.08σ relative to the
hypothetical perfect model of baryons (table 3).

Finally, as we point out in figure 4, using SZ clusters alone to constrain total matter
clustering will inevitably require extrapolations of the models. The combination of clusters
from DES [81] and the Dark Energy Spectroscopic Instrument [74], whose mass is calibrated
with weak lensing survey is expected to constrain baryonic feedback further [see e.g. 82].
However, interpreting the measurements of the mean mass and the mean tSZ signal given
the mass tracer of those samples, such as richness, requires understanding the selection
function of those cluster finders, which is sensitive to galaxies’ spatial, luminosity, and color
distribution [83]. Combining our DMB halo model and recent efforts on forward modeling
group and cluster selection in dark matter-only simulations populated with galaxies [84] will
offer a powerful way for modeling the stacked tSZ signal for groups and clusters.

A Modulation of matter clustering in hydrodynamic simulations

As our result focuses on the matter correlation function (in configuration space), while
most of the studies show modulation of matter clustering in the matter power spectrum,
figure 8 shows a comparison of these measurements from several different hydrodynamic
simulations. All hydrodynamic simulations predict two features in the modulation of the
matter correlation function: (a) a suppression of matter clustering on small scales and (b) a
boost in the matter correlation function in the 1–2 halo transition regime around 2 h−1Mpc.
The suppression is the well-known effect of baryonic feedback [e.g. 15], and the boost, which
is not shown in the power spectra, is due to matter being redistributed by feedback to the
halo outskirts. Further, we see that the modulation of matter correlation is highly localized,
< 1% at r = 8 h−1Mpc in the most extreme hydrodynamic simulation considered here (green
line, the original Illustris simulation [85]).

As a comparison, we show three empirical models of matter clustering modulation: HM-
code2020 [86], Amod [87, 88], and the DMB halo model described in section 3.1. HMcode2020
is a halo model designed to fit Bahamas simulations. While we see some disagreement between
HMcode2020 and the Bahamas simulation at the scales of the matter conservation boost,
we note that this has minimal impact on the prediction of cosmic shear signals. This is
because cosmic shear is sensitive to matter density fluctuation. While mass conservation
ensures the same amount of matter in the boost and the dip, matter in the boost spreads
in a much larger volume, making a smaller change in matter density. To corroborate this
argument, we further calculate the differences in ξ−, and ξ+ with and without the bump
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Figure 8. Modulation of the matter correlation function (left)/power spectrum (right) due to baryons
at z = 0 for different hydrodynamic simulations: Illustris (green line) [85], IllustrisTNG-100 (blue dot
dashed line) [46], IllustrisTNG-300 (yellow line with 1σ errorbars) [46], Bahamas High AGN (dark blue
line) [89], Magneticum (olive line with 1σ errorbars) [45]. As a comparison, we show three empirical
models: HMcode2020 [86], Amod [87], and the DMB halo model presented in section 3.1.

and find < 1% changes. Amod modulates matter the power spectrum as a difference between
non-linear matter clustering and linear theory predictions. Here, we show the Amod value
constrained from DES-Y3 data with DES-Y3 scale cuts [87]. While the Amod model captures
some of the baryonic features in the matter power spectrum predicted by hydrodynamic
simulations at k < 0.6 hMpc−1, it deviates from those predictions in matter correlation
functions even at r = 10 h−1Mpc. Specifically, Amod pushes the matter correlation function
modulation to a much larger scale than predicted by hydrodynamic simulations. This is likely
because modulation due to baryonic feedback is local in configuration space, and non-linear
matter clustering happens on much larger scales. Finally, we fit the DMB halo model to
the correlation and power spectrum measured in Magneticum simulation. We see that this
model fits both the power spectrum and correlation function very well.
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