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We use the small scales of the Dark Energy Survey (DES) Year-3 cosmic shear measurements, which are
excluded from the DES Year-3 cosmological analysis, to constrain the baryonic feedback. To model the baryonic
feedback, we adopt a baryonic correction model and use the numerical package Baccoemu to accelerate the
evaluation of the baryonic nonlinear matter power spectrum. We design our analysis pipeline to focus on the
constraints of the baryonic suppression effects, utilizing the implication given by a principal component analysis
on the Fisher forecasts. Our constraint on the baryonic effects can then be used to better model and ameliorate
the effects of baryons in producing cosmological constraints from the next generation large-scale structure
surveys. We detect the baryonic suppression on the cosmic shear measurements with a ∼ 2σ significance.
The characteristic halo mass for which half of the gas is ejected by baryonic feedback is constrained to be
Mc > 1013.2h−1M� (95% C.L.). The best-fit baryonic suppression is ∼ 5% at k = 1.0Mpc h−1 and ∼ 15%
at k = 5.0Mpc h−1. Our findings are robust with respect to the assumptions about the cosmological parameters,
specifics of the baryonic model, and intrinsic alignments.

I. INTRODUCTION

Baryons impact the density profiles of dark-matter-
dominated cosmic structures on small spatial scales. As a
consequence, they also affect the total-matter clustering sig-
nal. We call such baryonic physics impact on the total-matter
clustering ‘baryonic feedback’, incorporating many possible
mechanisms like active galactic neuclei (AGN), gas cooling,
metalicity evolution, etc. In most of the cases, AGN is the
most important mechanism at the scale relevant to the large
scale structure surveys, and it would lower the matter power
by throwing a part of the baryonic matters out of the galaxy.
While the effects of baryons are most noticeable in the clus-
tering signal within individual halos, they extend out to the
two-halo regime, on scales corresponding to a few mega-
parsecs. These effects thus complicate the cosmological in-
ferences from surveys mapping out the clustering of cosmic
structures. In order to mitigate this uncertainty in the cos-
mological analyses in the coming generation of large scale
structure surveys, considerable effort has been undertaken to
build reliable predictions for the baryonic feedback, including
the adoption of the halo model [1], principal component anal-
ysis on the baryonic suppression modes [2], and calibrated
simulations [3, 4]. In parallel, a growing number of anal-
yses have been dedicated to assessing and validating these
baryonic-modeling approaches [5–12].

While the impact of baryons can be modeled with hydrody-
namical N-body simulations [13–17], these results typically
depend on the physics adopted in the simulations. Thus the
inferred baryonic feedback depends on the values of free pa-
rameters, which are in turn determined by a sub-grid recipe
for baryonic physics. Because the hydrodynamical simula-
tions are computationally very demanding, rerunning them for
many baryonic scenarios quickly becomes prohibitive. There-
fore, accurate yet efficient modeling of the effect of baryons
on clustering remains a key challenge in cosmology. Address-
ing and solving this challenge will be required for upcoming
surveys such as Euclid [18], the Rubin and Roman telescopes
[19], the Dark Energy Spectroscopic Instrument (DESI) [20]

and Subaru Prime Focus Spectrograph (PFS) [21].
‘Baryonification’ [3, 4] is one such method that enables an

efficient yet accurate modeling of the effects of baryons. This
approach is based on the fundamental premise that the bary-
onic effects can be captured by shifting the position of par-
ticles in gravity-only N-body simulations. The shift is com-
puted by means of parametrizing the difference between den-
sity profiles of cosmic structures with and without baryons.
This introduces a few physically motivated free parameters
which can be constrained with observations or hydrodynami-
cal simulations.

Our goal here is to apply the baryonification modeling to
the data utilized in the Year-3 analysis of the Dark Energy
Survey (DES) [22–25]. These observations have a footprint
of nearly 5,000 square degrees on the sky, and comprise the
redshift and shape measurements of over 100 million galaxies,
with the mean redshift z = 0.63 [26]. In principle all of the
key observations that comprise the ‘3x2pt’ DES Y3 analysis
[27] — galaxy clustering, galaxy-galaxy lensing, and cosmic
shear — would benefit from the baryonification analysis, as
all three extend to scales potentially affected by baryons. In
this paper, however, we only consider the DES Y3 observa-
tions of cosmic shear [26, 28]. We leave the application of
baryonification to the full 3x2pt analysis to future work, be-
cause systematics other than the baryonic effect, for example
the galaxy bias, are more predominant for the galaxy cluster-
ing and galaxy-galaxy lensing analysis.

A model dedicated to describe the baryonic effect on the
large scale structure typically adds one or more free parame-
ters to the cosmological parameter space, while enabling the
extension of the clustering constraints to smaller scales. In this
work among the first several adoptions of the baryonification
model for a wide-field galaxy survey, we do a simpler analy-
sis in order to study the effectiveness of this approach. We fix
the cosmological parameters to the best-fit model derived in
the standard analysis, then only utilize the scales smaller than
those used in the standard analysis in order to constrain the
baryonification parameter(s). Therefore, instead of focusing
on the cosmological parameters, we instead study the bary-
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onic physics, measuring the amount of baryonic feedback in
structure formation. The results obtained in this type of anal-
ysis can subsequently serve to provide a prior for the model-
ing of baryons in upcoming surveys, and thus help maximize
the cosmological information from ongoing and future sur-
veys such as DESI, Euclid, Rubin and Roman observatories,
Hyper-Suprime Camera Survey (HSC), and Spherex.

The paper is organized as follows. In Sec. II we describe
the baryonification method and the corresponding numerical
tools that we use. In Sec. III we describe our analysis, and in
Sec. IV we present its results. In Sec. V we discuss the results,
and compare them to others in the literature. We conclude in
Sec. VI. Additional information about our methods, results,
and comparisons is available in the Appendices.

II. METHODOLOGY

We model the matter power spectrum employing a series
of Neural Network emulators from the BACCO Simulation
project [29] (Baccoemu). Specifically, the matter power
spectrum is decomposed in three different components: a
linear part given by perturbation theory, a non-linear boost
function, and a baryonic correction. The linear component
is a direct emulation of the Boltzmann solver CLASS [30];
it speeds up the calculations by several orders of magnitude
while introducing a negligible error [31]. The non-linear boost
function is built by interpolating the output of more than 800
simulations, obtained by scaling the cosmologies of six high-
resolution N -body simulations of ≈ 2Gpc and 43203 parti-
cles, using the methodology developed in [29, 32–34]. This
algorithm manipulates a given simulation snapshot to mimic
the expected particle distribution in a cosmological space that
spans roughly the 10σ region around Planck 2018 best-fits
[35]. The parameter space includes dynamical dark energy
and massive neutrinos, and models the power spectrum with
an accuracy of 2− 3% [29, 34]. Finally, the baryonic correc-
tion is computed applying a baryonification algorithm [3, 4]
to the N -body simulations. The baryonification, or Baryon
Correction Model (BCM), displaces the particles in a gravity-
only simulation according to theoretically motivated analyti-
cal corrections [3, 4] to model the impact of baryons on the
density field. In the BCM framework, haloes are assumed to
be made up of galaxies, gas in hydrostatic equilibrium, and
dark matter. A given fraction of the gas is expelled from the
haloes by accreting supermassive black holes, and the dark
matter backreacts on the baryon gravitational potential with
a quasi-adiabatic relaxation. The model employed has seven
physically motivated free parameters, although we will show
that varying just one parameter will be sufficient for our pur-
poses. We refer the reader to Appendix A for further de-
tails on the baryonification. By working at the field level, the
BCM can provide predictions on multiple observable quanti-
ties, e.g. clusters’ gas fraction from X-ray or kinetic Sunyaev-
Zeldovich effect [7, 36]. Moreover, the BCM has proven flex-
ible enough to reproduce the 2-point and 3-point statistics of
several hydrodynamical simulations [37]. The emulator that
we employ fully captures the degeneracies between baryonic

and cosmological parameters, while being accurate at several
percent level [38].

Having emulated the nonlinear matter power spectrum with
baryonic effects modeled by Baccoemu, we follow the same
methodology as described in Section IV.B in Ref. [26] to
model the tomographic weak lensing two-point correlation
functions. We are projecting the 3D matter power spectrum
into 2D angular-space correlation functions, using the lens-
ing kernel from the redshift-binned source galaxy samples.
Hence we expect the baryonic suppression at small scales in
the matter power spectrum to be reflected in the tomographic
2pt functions.

III. ANALYSIS CHOICES

Our goal is to constrain the baryonic feedback using the
DES Year-3 measurements of cosmic shear tomographic two-
point correlation functions [26, 28] measured at small scales
that were discarded in the standard cosmological analysis.
We start with a Fisher forecast in Subsection III A to inform
how to reduce the dimensionality of the parameter space in
the analysis. Then we specify the parameter priors and the
nested sampling pipeline of our analysis in Subsection III B
and III C. We discuss the possible systematics that could af-
fect the baryonic feedback constraints in Subsection III D, and
at the end we finalize the blinding scheme in Subsection III E
based on the considerations in this section. The real-data anal-
ysis pipeline is identical to the synthetic-data tests described
in this section; the only difference is of course that fake data
are replaced by real observations.

A. Principal Component Analysis on Fisher Forecasts

The first choice to make in our analysis is to determine the
baryonic parameter space that is sensitive to the precision of
the measurements currently available to us. As recapped in
Appendix A, there are seven parameters introduced by the
baryonic correction model adopted by Baccoemu. With the
signal-to-noise of the small-scale cosmic shear measurements
only, we are not likely to be able to constrain all of them. Ad-
ditionally, these unconstrained extra parameters can exacer-
bate convergence problems during the Monte Carlo sampling.
We therefore need certain strategy to identify the subset of
new parameters that are relevant to vary when analyzing an
extended theoretical model, given the limited precision of data
we have in hand.

We introduce our innovative parameter space compression
strategy as following. We define a metric RFoM ≤ 1 to
quantify how well a multi-dimensional hypercube spanned by
a subset of the parameters overlaps with the sub-parameter
space best constrained by the data:

RFoM(θ) = FoMθ

/
Nθ∏
i=1

√
λi , (1)

where θ is a subset of model parameters, Nθ is the number
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of the parameters in this subset, λi are the eigenvalues of the
Fisher matrix in the decreasing order, and

FoMθ = 1/
√

det [(F−1)|θ]. (2)

Here we take the submatrix corresponding to θ from the full
Fisher matrix inverse to calculate the determinants.

We use two criteria to aid the identification of the parame-
ters θ that are sensitive to the data:

• Criterion I: RFoM(θ) ≈ 1. When RFoM(θ) ap-
proaches 1 from below, then the multi-dimensional hy-
percube spanned by θ — a subset of the model param-
eters — overlaps with the space constrained by the first
Nθ principal components.

• Criterion II:
∏Nθ

i=1

√
λi/

∏N
i=1

√
λi ≈ 1, where λi

are normalized to 1 for unconstrained (prior-dominated)
principal components. This gives a measure of how
much total information gain over the prior is contained
within just the first Nθ principal components.

Both quantities featured in these two criteria are ≤ 1. When
they approach unity simultaneously, then we can declare that
the parameters not contained in θ are insensitive to the data.
We can thus justifiably vary θ and fix all other parameters in
the analysis.

Note that this whole argument is predicated on the assump-
tion of a Gaussian posterior, which the Fisher matrix formal-
ism assumes from the beginning.

In our scenario of modeling the small scales of cosmic shear
by introducing the BCM parameters, we first carry out the
Fisher matrix calculation using the fisher routine of the
cosmosis software. The Fisher matrix is defined as:

Fij =
∑
mn

∂vm
∂pi

[C−1]mn
∂vn
∂pj

+ [I−1]ij . (3)

Here vm are the measured data points which are organized in
a data vector, pi are the model parameters, and C is the mea-
surement covariance matrix. Next, Iij is the prior term, which
is typically a diagonal matrix with elements 1/σ2

i for uncor-
related priors, where σi is the variance of the Gaussian prior
of the i-th parameter. [For parameters on which we apply flat
priors, we calculate the equivalent Gaussian priors σid, whose
Gaussian variance scales with the flat prior range.] When Fij
approaches Iij , the data are not providing information to the
model parameters, and their constraints are dominated by the
priors.

In the Fisher forecast, we vary the six cosmological param-
eters, 13 DES nuisance parameters, and seven baryonic pa-
rameters; see Table I. The six cosmological parameters that
we vary are: matter and baryon densities relative to critical
Ωm and Ωb, amplitude of mass fluctuations σ8, scaled Hub-
ble constant h, and the (physical) neutrino density Ωνh

2. The
detailed definitions of the 13 nuisance parameters (listed in
Table I as intrinsic alignment, source photo-z shift, and shear
calibration parameters) are given in Ref. [26], while the bary-
onic parameters are fully defined in Ref. [37]. Note also that
the characteristic masses, for example the halo mass scale

that contains half of the total gas, Mc, are defined in units
of h−1M�. This gives us a Fisher matrix with a total of 26
parameters.

We marginalize over all of the 13 DES nuisance parameters,
as well as the three cosmological parameters h, ns and the
sum of neutrino mass Mν , by dropping them from the inverse
Fisher matrix. We do so because cosmic shear measurements,
which we are adopting here, are known to be rather insensitive
to all of these parameters.

We then diagonalize the Fisher matrix in the remaining ten
parameters to find the principal components in this final pa-
rameter space, which consists of the baryonic parameters and
the cosmological parameters of interest, Ωb,Ωm, σ8. Let us
denote the eigenvalues in this 10D space, in descending order,
as λi, i = 1...10, and the (normalized) principal components
— the eigenvectors — as pθji .

Figure 1 shows a color map in this 10D parameter space.
The color is proportional to the quantities |pθji ×

√
λi|, where

p
θj
i is the coefficient of parameter θj in the principal com-

ponent PCi. These quantities combines the PCs’ weights —
their eigenvalues — with the coefficients of the parameters
within that PC, to give an overall indication of how well the
parameter is constrained by the data. For example, log(Mc)
has the largest coefficients of all parameters within the first
(best-constrained) principal component, and can thus be rea-
sonably expected to be the best-constrained single parameter
in the full analysis. The first two principal components are
dominated by log(Mc),Ωm and σ8, indicating that these pa-
rameters are the best constrained by our data.

PC1PC2PC3PC4PC5PC6PC7PC8PC9PC10

b

out

inn

b

b

Minn

Mc

M1, z0, cen

m

8

2

4

6

8

10

12

co
m

p/

FIG. 1. Color map of the value |pθji ∗
√
λi|, where pθji is the coeffi-

cient of parameter θj in the principal component PCi, and λi is the
eigenvalue of PCi for the ten-dimensional Fisher matrix. The Fisher
matrix is calculated in the full parameter space with DES Year-3
small scales cosmic shear synthesized data vector, and is marginal-
ized over the nuisance parameters and the unconstrained parameters
h, ns and Mν ; see text for details.

Next, we quantitatively check the two criteria we proposed
above to investigate whether these three parameters are the
only parameters constrained by the data instead of the priors.
For the three-parameter subspace (log(Mc),Ωm, σ8), Crite-
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rion I evaluates to

RFoM(log(Mc),Ωm, σ8) =
FoMlog(Mc),Ωm,σ8∏3

i=1

√
λi

= 0.836.

(4)

In other words, when we choose to utilize three degrees
of freedom to describe the constrained parameter space, the
choice of the physically meaningful parameters log(Mc),Ωm
and σ8 can reproduce 83.6% of the Figure of Merit of the more
optimal but less interpretable choice of the first three principal
components.

For the Criterion II, when we normalize eigenvalues to λi =
1 for prior only principal components, we find

3∏
i=1

√
λi

/
10∏
i=1

√
λi = 0.975 . (5)

This indicates that the PCs beyond the first three (so fourth,
fifth, etc. PC) are almost fully prior dominated. Hence, we
conclude that the constrained parameter space for our small-
scale cosmic shear analysis is almost completely spanned by
the three parameters log(Mc),Ωm and σ8, and we can fix the
other cosmological and baryonic parameters.

The parameter Mc is defined in Ref. [39] as the halo mass
scale that contains half of the total gas. In the same reference,
they demonstrate that, among the seven BCM parameters, the
baryon feedback suppression S(k) = PBCM(k)/PDMO re-
sponds to the variation of Mc most significantly; this agrees
with our Fisher-forecast conclusions. Hence, in our real-data
analysis, varying log(Mc) alone is analogous to measuring
the amplitude of a specific pattern of baryon feedback, whose
redshift and wavenumber dependence are motivated by theory
and simulations. The priors on log(Mc) and other fixed BCM
parameters will be presented in the next subsection.

In conclusion, the Fisher PCA approach that we just de-
scribed enabled us to determine the baryonic parameter space
that can be constrained by the DES Y3 measurements.

B. Priors

To get the best constraining power on the parameters
that the small-scale cosmic shear analysis is sensitive to (
log(Mc),Ωm, and σ8), we fix the other cosmological and
baryonic parameters to the values based on best available in-
formation. We give the fixed cosmological parameters the
mean values reported in the Planck-2018 TTTEEE+lowEE
analysis [35]. To the baryonic parameters other than log(Mc),
we assign the values inferred from the power spectrum pro-
duced by the OWLS-AGN simulation at redshift z = 0 [13];
see Table I. In the spirit of utilizing the available cosmological
information to focus our constraining power on the baryonic
parameters, we further apply the posterior in the Ωm − σ8

space from the DES-Y3 3x2pt ΛCDM analysis as a part of
our prior; we henceforth refer to this as the DES-Y3 prior.
This prior, Gaussian but correlated in Ωm and σ8, captures

TABLE I. Cosmological and nuisance parameters in our DES-Y3
small-scale cosmic shear analysis, and their priors. The ‘DES-Y3
3x2pt covariance.’ label for Ωm and σ8 prior means that the poste-
rior in this 2D parameters plane obtained from DES Y3 3x2pt anal-
ysis is applied as prior in our analysis (see the red contour in Figure
5). Our other cosmological parameters are fixed to the Planck bestfit
values, and other BCM parameters are fixed to the bestfit to OWLS-
AGN hydrodynamic simulations. The nuisance parameter priors (IA,
photo-z shifts, and shear calibrations) are the same as DES Year-3
cosmic shear cosmological analysis.

Parameter Prior
Cosmological

Ωm ∈ [0.23, 0.4], DES-Y3 3x2pt covariance.
σ8 ∈ [0.73, 0.9], DES-Y3 3x2pt covariance.
h 0.6727
Ωb 0.0493
ns 0.9649
Ωνh

2
0 0.00083

Intrinsic Alignment
TATT model

A1,IA flat (-5, 5)
α1,IA flat (-5, 5)
A2,IA flat (-5, 5)
α2,IA flat (-5, 5)
bta flat(0, 2)

Source photo-z shift
∆z1s Gauss (0.0, 0.018)
∆z2s Gauss (0.0, 0.015)
∆z3s Gauss (0.0, 0.011)
∆z4s Gauss (0.0, 0.017)

Shear calibration
m1 Gauss (-0.0063, 0.0091)
m2 Gauss (-0.0198, 0.0078)
m3 Gauss (-0.0241, 0.0076)
m4 Gauss (-0.0369, 0.0076)

BCM parameters
θout 0.419
θinn -0.702
ηb -0.248
βb 0.321
logMinn 13.0
logMc flat (12.0, 15.0)
log(Mz0,cen) 10.4

information provided by large-scale analysis of weak lens-
ing, galaxy clustering and galaxy-galaxy lensing. Because
Baccoemu is trained around the best-fit of Planck cosmol-
ogy, and there is a well-known∼2σ downward shift in the late
universe σ8 measurement compared to Planck, Baccoemu
range covers only a half of our σ8 prior at the higher value
end, as illustrated in Figure 5. It is possible to cause some
projection effect, which we leave to be taken care of in the fu-
ture work, with an updated version of Baccoemu trained in
larger spaces.
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C. Pipeline

We use Baccoemu1 [39] to emulate the linear and non-
linear matter power spectrum with baryonic effects, as de-
scribed in Section II. The maximum wavenumber encoded by
the emulator goes up to k = 5.0, and beyond this scale we
linearly extrapolate the logarithm of the matter power spec-
trum to high-k for 2D projection purpose. We use the data
vector of cosmic shear measurements in configuration space,
ξ±, only at small scales. Namely, we use the same scale cuts
as the fiducial DES Year-3 cosmic shear analysis, but in the
opposite way, adopting only the data points at angles smaller
than the scale cuts. Because DES cosmic shear scale cuts are
determined by minimizing the effects of baryonic feedback
[26, 28], adopting the complementary scale cuts lets us utilize
the data that are the most sensitive to the baryonic feedback.
With this removal of the large scales used in the cosmology
analysis adopted, we have 173 data points (measurements of
ξ±). As shown in Figure 4, on these small scales there are
many more ξ− data points than ξ+, which is exactly the oppo-
site from the situation in the standard cosmological analysis.
This is because the structure of the ξ− kernel makes it more
significantly based on small scales, and hence affected by the
baryonic effects. Measurements of ξ− thus provide particu-
larly valuable information on the BCM parameters.

We use Cosmosis [40] 2, Polychord [41], Camb [42],
GetDist [43] for the nested sampling and the analysis
pipeline.

D. Systematics

Baryonic feedback is an important effect at relatively small,
nonlinear spatial scales, but it is by no means the only ef-
fect at small scales. Hence when using the small scale cos-
mic shear measurements to constrain the baryonic effects, we
need to ensure that the systematic uncertainties introduced by
other small-scale effects are under control. Here we investi-
gate the systematics related to the intrinsic alignment and non-
linear clustering. We also discuss the systematics induced by
possible incorrect assumptions on the cosmological parame-
ters, then conclude with a strategy to balance the constraining
power and the bias on the baryonic parameter log(Mc).

For the investigation of several systematics that are fairly
subdominant and not marginalized by modeling, we use the
following strategy: we generate synthetic data vectors con-
taminated by certain systematics, then carry out the standard
analysis by simply ignoring these systematics. We compare
the posterior of Mc, the parameter that we concern the most
in our analysis, between the baseline analysis and the contam-
inated data vector analysis. We claim that the systematics is
under control when the shift in Mc is < 0.2σ.

1 https://bacco.dipc.org/
2 https://github.com/joezuntz/cosmosis
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FIG. 2. Test results using the baseline baryonification analysis
pipeline on the synthetic data vectors. We adopt the dark-matter-only
matter power spectrum (corresponding to no baryonic suppression)
as our a priori fiducial reference. We then generate the matter power
spectra suppressed by the redshift-dependent baryonic effect mea-
sured in OWLS-AGN [13], BAHAMAS_T7.6_WMAP9 [16], and
eagle [15] simulations [2, 44] (corresponding to decreasing ampli-
tude of baryonic suppression). The figure shows that our analysis
pipeline successfully captures the relative amplitudes of the bary-
onic effect between different simulations in logMc posteriors. We
also test the synthetic dark-matter-only data vector with a lower Ωm
than our parameter prior, and this leads to logMc that is biased high,
as shown in the contour labeled with Ωm = 0.286. Lastly, we re-
place the data-vector-generating nonlinear module, switching from
Baccoemu to halofit, and find that their difference is not intro-
ducing statistically significant bias in the parameter space that we are
interested in.

1. Intrinsic Alignments

The ellipticity of the observed galaxies is induced by either
the weak lensing of the background galaxies, or else by the in-
trinsic alignments (IA) caused by the tidal gravitational force
from cosmic structures Intrinsic-alignment auto and cross cor-
relations with shear are expected to have a larger effect at
smaller scales. Hence we adopt a beyond-linear, perturbative-
theory model to predict the intrinsic alignment in our analy-
sis — the Tidal Alignment and Tidal Torquing (TATT) model
[45]. The precise range of scales over which the TATT model
is accurate is still under investigation, but here we argue that
a straightforward application of TATT is sufficient for us for
two reasons. First, TATT is quite flexible, as it introduces up
to five nuisance parameters to capture the IA power. Second,
at very small scales (. 2Mpc) where TATT may start to be-
come less accurate, the statistical errors of the DES cosmic
shear measurements start to rapidly increase. Therefore, even
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though some nonlinear IA features may not be captured by
the parameter space of TATT model, they are unlikely to af-
fect our results significantly.

With the reasoning above, we carry out our real-data anal-
ysis marginalizing over the TATT model parameters for the
intrinsic alignment. After unblinding, we investigate the pos-
sible degeneracies between the IA parameters and the bary-
onic suppression, as discussed in Appendix B. We confirmed,
based on the contours in Figure 10, that: 1. The TATT model
parameters are not correlated with Mc; 2. In our BCM anal-
ysis the constraint on the TATT parameters is consistent with
DES Year-3 3x2pt and cosmic shear 1x2pt cosmological anal-
ysis results. We thus conclude that the intrinsic alignment is
not biasing our baryonic physics constraints. The caveat of
the above argument is that we trust the degrees of freedom in-
troduced by TATT model to be able capture the IA features to
the accuracy required by the quality of our small-scale data.

2. Nonlinear Matter Power Spectrum

In our fiducial analysis pipeline, nonlinear physics is mod-
eled by Baccoemu. However, there still remain different
choices that one can make in modeling the nonlinear cluster-
ing of dark matter alone; see e.g. [18]. To address this, we ran
our baseline analysis on the synthetic data vector generated
by an alternative nonlinear matter power spectrum model. For
this alternative, we chose takahashi-halofit [46]. As
shown in Figure 2, the posteriors on log(Mc),Ωm and σ8 are
almost indistinguishable from the baseline case, with the ten-
sion between two posteriors being < 0.02σ, so we conclude
that the nonlinear-modeling uncertainty will not be an issue in
our analysis.

3. Cosmological Model Assumptions

As discussed in Sec. III B, we fix many of the cosmolog-
ical parameters, an set priors on additional few, in order to
focus on the constraints on the baryonic feedback. A natu-
ral concern in such an approach is the possible bias in our
results introduced by incorrect assumptions on the cosmolog-
ical model (relative to the ground truth, whatever it may be).
To address these concerns, we perform a validation test with
an alternative value of a key cosmological parameter. Specifi-
cally, we run a chain on dark-matter-only synthetic data vector
centered at the value of the matter density that is at the lower
end of the 95% credible-level constraint in the DES Year-3
3x2pt analysis. That is, given the 95% C.L. DES Year-3 con-
straint Ωm ∈ [0.286, 0.390], we adopt Ωm = 0.286, thus
replacing our baseline which is the DES-Y3 central value,
Ωm = 0.339. As illustrated by the red contour in Figure
2, lower Ωm value shifts the marginalized log(Mc) posterior
away from its baseline of log(Mc) = 12.0 to a higher value
in the log(Mc) = 13.5-14.0 range, with ∼ 0.8σ significance.
Fortunately, such a scenario leaves an unambiguous additional
signature, which is a shift, relative to the prior, in the Ωm−σ8

constraint; see the red contour relative to the others in this

plane in Figure 2. Therefore, one thing to monitor will be the
comparison of the small-scale Ωm−σ8 posterior and that ob-
tained in the standard cosmological analysis that utilizes large
scales. Any mismatch between those two may indicate a pos-
sible bias in the inferred baryonic parameter log(Mc) as well.
We will see below that our analysis analysis does not show
indications any such shift.

4. Higher-order Cosmic Shear

Higher-order cosmic shear corrections, including the re-
duced shear [47] and source magnification [48], have been
studied in the DES Year-3 methodology paper [26, 49]. As
shown in the Figure 5 of [26], systematics due to higher-
order cosmic shear effects are generally subdominant to the
baryonic suppression. Assuming that such effects are roughly
cosmology-independent, we apply the higher-order shear ef-
fects depicted by the purple dotted line in Figure 5 of [26] on
our dark-matter-only and OWLS synthetic data vector. The
bias introduced by not including such effect in our modeling
pipeline are < 0.05σ and < 0.2σ for DMO and OWLS cases
as shown in Figure 3. Hence, we conclude that higher-order
corrections to shear are not a concern.
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FIG. 3. Synthetic data vector tests for higher order shear effects.
The DMO and OWLS contours are the same in the Figure 2, and the
two higher order shear synthetic data vectors are generated on the
base of DMO and OWLS ones multiplying the ratio depicting the
higher order shear effects from Figure 5 of [26]. The effect of higher
order shear is indicated by the deviation from green contour to grey
contour, and from red contour to blue contour. In neither cases higher
order shear effects cause large shift in logMc, and the shift direction
is always toward smaller value of logMc, i.e. less possibility of a
fake detection of the baryonic suppression.
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E. Blinding

To avoid confirmation bias, we blind our results — that is,
we do not reveal our principal results until we have finalized
our analysis and modeling criteria and choices. Our decision
to blind is motivated by the increasing realization that com-
plex cosmological analyses require at last some level of blind-
ing in order to prevent unintended, subjective factors in bi-
asing the analysis results [50]. Note that every aspect of our
real-data analysis that leads to the results presented in Sec. IV
is the same as in our synthetic data tests, and that we did not
alter any analysis choices after unblinding. At the same time,
we must keep in mind that the DES Year-3 cosmology analy-
sis using the large scales has already been done and is publicly
available, and thus we are not blind to the analysis choices that
have been made there and that influenced our choices in this
work.

Recall, our key results will be the posteriors and other sta-
tistical measures in log(Mc),Ωm and σ8. It is the constraints
on these parameters that we want to blind until our analysis
choices have been finalized. We now summarize our blinding
procedure.

Before unblinding, we calculate the posterior predictive
distribution (PPD) p-value of the BCM model; for details,
see Ref. [51]. The goal of this step is to guarantee that our
model represents a reasonable description of the data. The
PPD p-value characterizes the probability that the ∆χ2 =
(D−M)TC−1(D−M), evaluated between the data D and
the theory prediction M for some values of the parameters, is
smaller than the ∆χ2 evaluated between a multi-variate Gaus-
sian realization of the data and the noiseless theory data vec-
tor. The latter quantity should obey the chi-squared distribu-
tion with the degrees of freedom equal to the number of data
points, so we calculate PPD p-value as:

pPPD =
∑
i

(1− F[# of pts](∆χ
2
i ))× wi (6)

where Fk(x) is the cumulative distribution function of a chi-
squared distribution with k degrees of freedom, ∆χ2

i is eval-
uated between the real data and the theory prediction at i-th
sample in the MCMC chain, and wi is the weight of the sam-
ple. The passing criterion for unblinding is pPDD > 0.01. All
of our real-data chains pass this criterion; the specific values
of pPPD are reported in the results section below.

Having passed the PPD criterion, we also plot the max-
imum a posteriori (MAP) theoretical data vector from the
chains with the measured data points in Figure 4 to further
confirm that the MAP of the chains reasonably capture the
measurements. The cosmic shear measurements denoted by
the blue dots are well within the observational uncertainty
around the MAP best-fit theory prediction of our baryonifi-
cation model, denoted by the orange horizontal line.

IV. RESULTS

As mentioned above, we pass the unblinding criteria that
were pre-specified for our analysis. Specifically, we find a

good consistency between the data and the baseline baryon
correction model (and baseline analysis choices), with PPD
p-value p = 0.50 (see Eq. 6). We thus unblind the analysis at
this point.

The main result is the constraint in the (Ωm, σ8, log(Mc))
space shown in Figure 5. We detect the log(Mc) value to be
away from the lower bound of log(Mc) = 12.0 which obtains
in the dark-matter-only limit. We find:

log(Mc) = 14.12+0.62
−0.37 68% C.L., (7)

log(Mc) > 13.2 95% C.L.. (8)

As an illustration of the suggested magnitude of the baryonic
feedback on the cosmic shear two-point correlation functions,
Figure 4 shows comparison of the MAP result using theory
with the BCM baseline analysis (orange; equal to precisely
zero in the Figure) and theory without BCM (green), using
the same parameters. The suppression of the theory with bary-
onic feedback — so, where orange curves are lower than green
curves — is noticeable at the small scales of ξ−, especially in
the higher redshift bins. This trend can be explained by the
combined effect of the increase in the ξ− amplitude toward
higher redshift, wider coverage of the lensing kernel (longer
light path), and shrinking of the measurement uncertainty.

In Appendix C, we show that the effective redshift of our
baryonic effect constraint is relatively low, zeff ≈ 0.21. This
effective redshift is defined as the value at which our small-
scale cosmic shear data vector responds most strongly to the
redshift-localized BCM evaluated at that redshift. The low zeff

could be caused by the fact that the cosmic shear characterizes
an integrated effect over the light path traveled from the source
galaxy, so the effects that kick in at low redshifts are probed by
multiple tomographic redshift bins. Another possibility is that
the baryonic feedback is intrinsically strong at lower redshifts,
but due to the integral nature of the lensing kernel, we cannot
confirm this hypothesis from our analysis.

V. DISCUSSION

A. Model Comparison with a Dark Matter Only Universe

The constraint on log(Mc) reported above disfavors the hy-
pothesis of the dark-matter-only nonlinear matter power spec-
trum. Namely, log(Mc) > 13.2 suggests the presence of the
baryonic suppression mode at small scales of scales probed by
cosmic shear. In this section, we evaluate the statistical sig-
nificance of this finding by carrying out a more detailed com-
parison between the cosmological models with and without
baryons. In the following text, the dark matter only (DMO)
cosmology refers to a cosmology with no baryonic effect,
hence all the masses are effectively dark matters which only
interact through gravity. When DMO is used on a simulation,
it refers to the gravity-only N-body simulations.

We calculated several popular information criteria as met-
rics for the model comparison in the Table II. Their defini-
tions are formulated in Table III of Appendix D. In general
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FIG. 4. Tomographic cosmic-shear two-point correlation functions, ξ+ (left panel) and , ξ− (right panel) [28]. All of the curves — both
theory and data — are shown relative to the bestfit prediction under BCM, and are divided by the observational errors. The blue points are
DES Year-3 measurements. Orange curves, equal to precisely zero, correspond to our best-fit BCM model’s prediction. The green curves are
the predictions keeping everything the same as the orange curves, but with the baryonic suppression artificially turned off. The red dashed
curves are the dark-matter-only bestfit prediction. The grey regions show the scales not used in our analysis.

all the information criteria utilize the idea that the improve-
ment in the fitting to the measurements, i.e. the decrease of
χ2, should be punished by extra degrees of freedom of the
model. Specifically, each information criterion takes a met-
ric of the χ2 (minumum or average), and a definition of the
number of degrees of freedom, and combines them into one
quantity. We use two alternate ways to measure the number
of degrees of freedom k in a model: the Bayesian Model Di-
mensionality, BMD [52], and the simple counting of the free
model parameters,N . The latter should provide the most con-
servative way of interpreting our findings, as the simple pa-
rameter count corresponds to the maximum possible number
of degrees of freedom of a model. Due to the presence of pri-
ors, the effective degrees of freedom of a model k is always
smaller than N . The difference in the counting of DMO and
BCM model parameters, ∆N , is one, corresponding to the
parameter Mc. Despite the details above, in all the statisti-
cal tests listed in Table II, baryonification is preferred, at very
strong (XIC < −3.5, where XIC stands for a certain infor-
mation criterion) or moderate (−2.3 < XIC < −1.2) level as
evaluated on Jeffreys’ scale [53–55].

We now provide estimates of the preference for the baryon
correction model. Assuming that the exponential of informa-
tion criteria reflects the ratio of the two hypotheses:

• H0: We live in dark-matter-only (DMO) universe

• H1: We live in a universe with baryons, and we need an
additional parameter Mc to describe them,

We convert the probability p preferring H1 into the easy-to-
gauge number of standard deviations (‘sigmas’), z:

z =
√

2 erf−1(p) (9)

The bottom row of the Table II shows the converted number
of sigmas. It shows that, in all cases, the hypothesis H1 with
baryons is preferred at evidence that ranges from 1.4σ to 2.7σ.

Note that there are differences between the information
criteria calculated using the Bayesian Model Dimensionality
(BMD) [52] and using the parameter counting N . The strong
preference for the model with baryons using the BMD largely
comes from this decrease of BMD in the baryon model rel-
ative to the dark-matter only case (note the negative value in
the fourth row, fourth column of Table II). This decrease of
the baryon models’ degrees of freedom is counter-intuitive,
because we actually add one degree of freedom when we go
from DMO to the baryon model. The reported decrease of
model dimensionality for the baryon case is likely telling us
that the data fit the baryon model’s features better on average.
Note that BMD roughly corresponds to the variance of χ2 for
the sampled points in the chain (see the formula for BMD in
Table III). The reported decrease in BMD therefore suggests
that there exists a locus in the parameter space in which the
data vector prefers to settle.



11

TABLE II. Model comparison metrics between the baryonification and dark matter only model. We calculate Akaike Information Criterion,
Bayesian Information Criterion, and Deviance Information Criterion using both the Bayesian Model Dimension (BMD) [52] and the naive pa-
rameter counting (N). The bottom row converts the difference in the information criteria between the BMD and DMO model into a significance
for the presence of the baryonic parameter Mc quoted in ‘sigmas’; see text for details.

χ2
min 〈χ2〉 BMD N AIC(k=BMD) AIC(k=N) BIC(k=BMD) BIC(k=N) DIC(k=BMD) DIC(k=N)

Baryonification (BCM) 163.6 172.3 5.5 16 174.5 195.6 175.8 199.4 183.2 204.3

Dark Matter Only 168.4 176.2 6.0 15 179.3 197.4 180.8 200.9 188.2 206.2

BCM - DMO −3.8 −3.9 −0.5 1 −4.8 −1.8 −5.0 −1.6 −5.0 −1.9

Significance of Mc 2.6σ 1.5σ 2.7σ 1.4σ 2.7σ 1.5σ
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FIG. 5. The constraints on Ωm, σ8 and logMc. Note that the dark-
matter-only small-scale cosmic shear analysis and DES Year-3 3x2pt
analysis do not have logMc in their models. The prior in the Ωm-
σ8 plane is taken to be the DES Year-3 3x2pt parameter posterior
covariance. The shift in 1D marginalized Ωm probability distribution
in our BCM baseline away from the DES Year-3 3x2pt analysis is
caused by the lower limit in σ8 due to the limited sampling range of
the emulator.

B. Validation of the Systematics

We now discuss and validate the robustness of our results to
the presence of possible systematic errors and varying analy-
sis choices.

Figure 6 shows the marginalized constraints on Mc. The
top horizontal error bar corresponds to the baseline BCM anal-
ysis, while each subsequent error bar corresponds to an anal-
ysis with one alternative analysis choice relative to the base-
line, as indicated in the legend. All of the alternative results
agree with the baseline results to well within statistical errors.
Interpreted in the context of our discussion on the possible
systematics in Section III D, we conclude:

• The agreement between the baseline result and the BA-
HAMAS, as well as the ‘Varying Ωb, β’ result justifies
our assumption to fix the baryonic feedback mode (con-
structed by OWLS-AGN simulation at z = 0). In par-
ticular, our current measurement precision is not sensi-
tive enough to distinguish this from the alternative BA-
HAMAS z = 0 baryonic feedback mode, or else from
the variation of the halo mass - gas fraction slope β.
This result justifies our Fisher forecast in Section III A.

The slight widening of the Mc error bar is correlated
with the negative β BCM parameter in the BAHAMAS
bestfit values, and the negative region allowed by the
analysis varying β. The reason is that, given the gas
fraction in the halo scaling as Equation A1, positive β
suggests that the baryonic feedback is stronger toward
less-massive halos, and vice versa. Recall that lower
fgas is a signature of stronger gas ejecting processes like
AGN. Since the average halo mass of the DES galaxy
sample is∼ 1014M� [56], for fixed positive value of β,
lower Mc (< 1014M�) suggest weaker baryonic feed-
back in the DES galaxy sample. However for a negative
β value, wider Mc area in our prior range accommo-
dates a substantial baryonic feedback for ∼ 1014M�
population, so we get a wider error bar.

The above reasoning further supports that the halo mass
population in DES galaxy sample might have witnessed
a substantial baryonic feedback.

• The agreement between the baseline result and the ‘Flat
Ωm–σ8’, ‘Fixed Ωm–σ8’, ‘h = 0.74’ and ‘VaryingMν’
cases justifies our assumptions to fix the cosmological
parameters. In other words, these alternatives to our
baseline cosmological model do not change our con-
straint on the baryonic parameter Mc. It is true that we
cannot explore all of the possible changes to the fidu-
cial cosmological parameters in these limited tests, as
the polychord chains would have difficulty converg-
ing with too many unconstrained cosmological param-
eters. However, these single-parameter-change tests,
along with the Fisher PCA forecast arguments in Sec-
tion III A, give us sufficient confidence that our detec-
tion of the baryonic feedback is not be due to bias in the
standard cosmological parameters.

• We investigated our baseline posterior on the intrinsic
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alignment TATT model parameters, and the latter’s de-
generacy with Mc. The relevant constraints are shown
in the Figure 10 in Appendix B, along with the con-
straint on the same set of TATT parameters from the
DES Year-3 cosmic shear (1x2pt) and cosmic shear
combined with galaxy clustering (3x2pt) analysis. The
2D contours in TATT parameters cross Mc panels look
highly uncorrelated between each other, suggesting that
the scale-dependence of the IA signal (modeled by
TATT) and baryonic suppression signal is fairly dis-
tinct. Thus the possibility that the potential degeneracy
with the extended intrinsic alignment degrees of free-
dom causing the nontrivial Mc constraint that deviates
from its prior lower bound is also unlikely.

12.0 12.5 13.0 13.5 14.0 14.5 15.0
log Mc

Baseline

BAHAMAS

Flat m 8 prior

Fixed m 8

h = 0.74

Varying M

Varying b

Varying b, 

FIG. 6. Systematic tests using real data. The x-axis spans the logMc

prior range. The top horizontal blue bar, which agrees with the verti-
cal shaded region, is the marginalized 68% C.L. constraint on logMc

in our baseline BCM analysis. Each subsequent horizontal error bar
is the constraint onMc from an analysis with one alternative analysis
choice relative to the baseline, as indicated in the legend. The ‘BA-
HAMAS’ analysis fixes the baryonic parameters (other than logMc)
to the best-fit values in the BAHAMAS_nu0.06_Planck2015 mat-
ter power spectrum at z = 0 [16]. The ‘Flat Ωm–σ8 prior’ anal-
ysis turns off the 2D Gaussian prior in the baseline analysis, vary-
ing these two parameters in the Baccoemu range with flat priors.
The ‘Fixed Ωm–σ8’ chain fixes the values of these two parameters
to their DES Year-3 3x2pt means, Ωm = 0.339 and σ8 = 0.733.
The ‘h = 0.74’ analysis fixes the Hubble parameter to the higher
SH0ES value [57] instead of the Planck value adopted by our base-
line in Table I. The last three analyses, labeled as ‘Varying (parame-
ter name)’, apply flat priors to the corresponding parameters, in the
range of Baccoemu. The parameter ranges for Baccoemu can be
found at https://baccoemu.readthedocs.io/en/latest/.

The list of systematic checks just discussed is not guaran-
teed to be complete. In that regard, there are several caveats
in our analysis that one should keep in mind:

• Some systematics, for example the magnification, were
argued to be small and were conventionally ignored in
the previous work. However, the arguments and tests

for such systematics were done at large scales that are
relevant to the cosmological analysis [49]. It remains
to be rigorously investigated whether these assumptions
still apply at smaller scales that we use here. In contrast,
other systematics, such as the Limber approximation
and redshift-space-distortion effects, decrease when go-
ing to smaller scales, so we should be safe from them
here.

• The emulator sampling is limited in the model param-
eter space and wavenumber space. For example, our
posterior on σ8 is cut off at 0.73 because Baccoemu
only samples down to this value. Additionally, the non-
linear matter power spectrum sampling of Baccoemu
goes up to k = 5.0hMpc−1, and beyond that wavenum-
ber we need to extrapolate in order to compute the
theory prediction for ξ±. This limitation prevents us
from modeling any enhancement of the matter power at
smaller scales. We did however check, on several runs
of the theory model, that including a high-k enhance-
ment in power of roughly the expected typical magni-
tude only introduces a small correction to the overall
baryonic-effect ∆χ2. For example, when we change
the maximum wavenumber to which the baryonic sup-
pression is applied from k = 5.0hMpc−1 (which is
the default in our analysis and incorporates no high-
k enhancement) to k = 30.0hMpc−1 (which is real-
ized by the direct measurements from OWLS-AGN and
DMO simulations so includes the enhancement effect),
the two scenarios differ by only ∼ 5% of the baseline
∆χ2 difference between DMO and baryonic universe.

• Baryonic feedback is a stochastic process, and in real-
ity the baryon-corrected mass profile of halos may vary
based on a number of physical properties of the halo
— the halo age, formation history, etc. The baryon-
correction model might not be able to capture all these
dependencies. It is possible that the simplicity of our
adopted baryonic correction model biases the baryonic
parameter constraints. At the same time, it is unlikely
that this simplicity induces a false detection of the bary-
onic suppression on the matter power spectrum because
the baryonic effects become negligible for the current
data precision, when Mc → 0.

• We assume Mc to be constant with redshift. We note
that X-ray observations of gas fractions in galaxy clus-
ters are currently not accurate enough to provide a clear
redshift trend [see e.g. 58, and references therein], while
hydrodynamical simulations predict different redshift
dependences when varying subgrid physics [4].

C. Comparison with X-ray Data and Previous Work

The constraints on the baryonic parameters Mc and β that
we have obtained can be directly translated to a prediction of
the quantity of gas retained in haloes, through the Baryonic
Correction Model. In Figure 7 we compare this prediction to
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FIG. 7. Gas mass fraction as a function of halo mass. The halo
mass is computed assuming hydrostatic equilibrium. Data points are
observations from different data sets, as reported in the legend. The
grey shaded area highlights the 68% credible region given by the
constraints of baryonic parameters obtained in this work.
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FIG. 8. Suppression of the power spectrum due to baryonic effects,
defined as the ratio S(k, z = 0) = Pbaryons/PDMO. The lines show
the suppression obtained when fitting different hydrodynamical sim-
ulations with the baryonic emulator at redshift z = 0. The grey area
highlights the 68% credible region given by the constraints on the
baryonic parameters obtained in this work. OWLS_AGN seems to
agree the most to our bestfit S(k), however it should be borne in mind
that we fix the baryonic parameters other than Mc to OWLS_AGN
z = 0.0 values in our analysis.

observations of the gas fractions in X-ray from [59–63]. The
mass of the haloes in these observations is obtained by assum-
ing hydrostatic equilibrium, i.e. neglecting non-thermal con-
tributions to the pressure. To fairly compare with our theoreti-
cal modeling, we rescale our halo masses by a factor (1 + bh),
where bh is the so-called hydrostatic mass bias. We assume a
Gaussian distribution of bh with mean 0.26 and standard devi-
ation 0.07, based on Ref. [64]. We show that the gas fractions
directly observed are in good agreement with the 68% credi-
ble region obtained from the cosmic shear. In particular, it ap-
pears that X-ray observations already have the potential to put
tight constraints on baryonic parameters, opening up to joint

constraints from lensing and X-ray, as done e.g. in Ref. [7].
However, some complications may arise when joining differ-
ent X-ray data sets, for instance when assessing their covari-
ance or when marginalizing over the hydrostatic mass bias.
Works such as Ref. [58], which aims at building large homo-
geneous samples of clusters gas fractions over a wide range of
halo masses, will be of great benefit in providing tighter con-
straints on baryonic parameters — and thus in constraining
the impact of the baryons on the matter power spectrum.

In Figure 8 we show the baryonic suppression in the power
spectrum that we expect at redshift z = 0, given the con-
straints on the baryonic parameters, Mc and β, and univer-
sal baryon fraction, Ωb/Ωm, obtained in this work. We com-
pare the 68% credible region given by our constraints with
the power spectrum suppression predicted by different hy-
drodynamical simulations: EAGLE, Illustris, Illustris TNG,
OWLS-AGN, BAHAMAS [13, 15–17, 65]. The suppression
that we find in this paper is compatible to that of the BA-
HAMAS simulations, particularly between in their versions
with the medium- and high-temperature AGN feedback, and
with OWLS-AGN. Note that BAHAMAS has been calibrated
with the gas mass inside galaxy groups. We have thus shown
that this BAHAMAS prediction is in a very good agreement
with the gas fraction implied by our small-scale, cosmic shear
analysis.

Our analysis, which uses the small scales of DES Year-3
cosmic shear measurements, suggests a baryonic suppression
S(k) of the matter power spectrum≈ 5% at k = 1.0hMpc−1

and ≈ 15% at k = 5.0hMpc−1. Other previous work used
weak lensing to constrain the baryonic feedback on matter
power spectrum. Specifically, Ref. [6] used DES Year-1 3x2pt
measurements to constrain baryonic feedback using princi-
pal components of the baryonic effect signature on the power
spectrum as determined by numerical simulations. Because
DES Year-1 measurements are less precise than Year-3, no
conclusive constraint on the baryonic feedback was drawn at
the time. More recent work in Ref. [7] used KiDS-1000 [66]
as their weak lensing data set to constrain the baryonic feed-
back. While they could impose no informative constraint on
their (seven-parameter) baryonic model, their derived effect
on the matter power spectrum is broadly consistent with our
results. Ref. [67] compared the KiDS-450 measurements and
the theory prediction by HMcode [68] to find a substantially
stronger baryonic feedback than what we and many AGN sim-
ulations find. However they have fairly large uncertainties,
and only exclude the dark-matter-only case at ∼ 1.2σ. Re-
cently, there has also been an effort in the community to mea-
sure baryonic feedback by combining weak lensing with ther-
mal Sunyaev-Zeldovich signatures measured in CMB obser-
vations. Such an attempt with KiDS-1000 [12] obtained bary-
onic constraints consistent with BAHAMAS simulation, and
consequently in agreement with our findings as well. Simi-
larly, [8, 69] have cross-correlated the cosmic shear measured
by DES Year-3 with the Sunyaev-Zeldovich effect measured
by Planck and ACT [70, 71], and modelling the signal with
an hybrid approach based on hydrodynamical simulation and
HMcode, finding hints of strong feedback compatible with
Cosmo-OWLS high AGN [14], which is in broad agreement
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with BAHAMAS high-AGN. Ref. [72] used thermal Sunyaev-
Zeldovich map from Planck around stacked DESI catalog to
explore the baryonic feedback. They found β to be always
positive, which is consistent with our analysis choice of fix-
ing β = 0.321,; their constraint on Mc also agrees with our
findings.

In summary, a number of earlier analyses that constrained
baryonic feedback found results that are consistent with our
ours.

In closing this Section, we note that our results are based on
a straightforward analysis that uses solely the DES Y3 cosmic
shear measurements, and has been subjected to a battery of
systematic tests. Because of the conservative assumptions that
we made, the preference we find for the baryonic suppression,
while not statistically overwhelming (at 1.4σ− 2.7σ, depend-
ing on the assumptions), is robust.

VI. CONCLUSIONS

In this paper we constrain the effect of baryonic feedback
on the matter power spectrum. As a starting point, we adopt
the baryon correction model (BCM) [3, 4] which introduces
seven parameters to model the baryon corrected halo mass
profile. We choose to fix all cosmological parameters except
Ωm and σ8, and focus our attention on the baryonic sector.
Specifically, we use only small angular scales in DES cosmic
shear measurements to constrain the baryonic feedback. Our
analysis is therefore complementary to the standard cosmo-
logical analysis that discards the small scales that we are us-
ing here, and instead uses large scales to constrain cosmology
(and largely avoid the effect of baryons).

We demonstrate by means of a Fisher forecast that our DES
Year-3 small-scale cosmic shear measurements are sensitive
enough to constrain only one BCM parameter, logMc, where
Mc is a typical mass scale related to the gas content of halos.
We also carry out a battery of tests to validate our results,
specifically studying the impact of alternative assumptions in
the choice of priors, parameters that are fixed or varied, and
alternative models for nonlinear dark-matter clustering.

We constrain the baryonic parameter logMc to be
14.12+0.62

−0.37 at 68%C.L., while fixing other baryonic (BCM)
parameters to the bestfit of OWLS-AGN hydrodynamic sim-
ulation. Our analysis prefers the best-fit baryonic model to
the best-fit dark-matter-only alternative (which corresponds to
logMc = 12.0 in our analysis) at the ∼2σ significance.

We find good agreement between our cosmic-shear con-
straints on the baryonic feedback and independent X-ray mea-
surements, as illustrated in Figure 7. This result foreshadows
exciting future possibilities: one could use independent X-ray,
thermal Sunyaev-Zeldovich effect, and other observations as
a prior on the baryonic-feedback parameter space, in turn en-
abling more precise constraints on the latter. We hope to in-
corporate this approach in the future, and combine it with the
forthcoming DES Year-6 cosmic-shear data.
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Appendix A: Baryon Correction Model

The Baryon Correction Model (BCM), also known as bary-
onification [3, 4], is a scheme to perturb the output of N-body
simulations to include given baryon processes. Each halo in
the simulation is decomposed into a dark matter and baryonic
component with a respective density profile associated. The
difference between the profiles is then used to compute a dis-
placement field that is applied to the particles of the halo. The
functional forms of the density profiles are motivated by ob-
servations, theoretical arguments, and hydrodynamical simu-
lations, and they depends on a few free parameters.
The scheme we use in this work decomposes the halo in dark
matter, gas, and galaxies [37]. The gas can be bound to its halo
in hydrostatic equilibrium, ejected by some feedback process,
or reaccreted, whereas the galaxies can be central or satellites.
The baryonic gravitational potential back-reacts onto the dark
matter, causing a quasi-adiabatically relaxation. The evalua-
tion of the baryonic effects on the power spectrum are speed
up by using a neural network emulator [38]. This model has a
total of 7 free parameters, but in Section III A we show that
our data is mostly sensitive to one parameter, namely Mc.
This parameter regulates the amount of gas that is retained
in halos, fgas, and therefore also the quantity of gas ejected
by baryonic feedback, through the equation

fgas =
Ωb/Ωm − fgal

1 + (Mc/M200)β
, (A1)

where fgal is the mass fraction of galaxies, M200 is the total
mass of the halo, and β another free parameter. Therefore,Mc

is defined as the characteristic halo mass for which half of the
halo gas is depleted.
The parameters θinn, θout, and Minn regulate the density of
the hydrostatic gas in the halo, according to a double power-
law shape. The parameter η set the maximum distance from
the halo that the ejected gas can reach, in units of the halo
escape radius. Finally, Mz0,cen regulates the characteris-
tic galaxy mass fraction following an abundance matching
scheme. We refer to [4, 37] for the complete equations and
baryonic functional forms of the BCM employed.
In this work, we fix all the parameters exceptMc to the best-fit
values obtained fitting the OWLS-AGN hydrodynamical sim-
ulation in [38].

Appendix B: Intrinsic Alignment Parameters

The measurement of the averaged cosmic shears is based
on the directly obtained ellipticities of the galaxies. How-
ever, because the galaxies are formed in the gravitational field
of the large scale structures, they have non-spherically ran-
domly distributed shapes (intrinsic alignments) under the ef-
fect of tidal forces. The intrinsic alignment is another major

source of astrophysical systemtatics at small scales of the cos-
mic shear measurement, other than the baryonic suppression
we are studying in this work. Hence we are obliged to inves-
tigate whether any IA signals would be degenerate with the
baryonic suppression, thus resulting in a fake detection of the
baryonic suppression. Although a reliable modeling of the IA
terms at small scale is not currently available to the best of our
knowledge, Figure B indicate two facts: 1. There is no strong
correlation between baryonic parameter Mc and IA-TATT pa-
rameters A1A2, A1/A2, α1, α2 and biasta; 2. The IA-TATT
model [45] parameters constraints for our baseline analysis
using only the small scales of the cosmic shear, are consistent
with DES Year-3 large scale cosmic shear 1x2pt and cosmic
shear + clustering 3x2pt analysis.

Given the Mc-IA parameters contour plots, we conclude
that the IA signal is not substantially correlated with the bary-
onic suppression pattern, so will not introduce significant sys-
tematics to our baryonic constraints. What is more, by com-
paring with other constraints on the IA parameters from DES
Year-3 1x2pt and 3x2pt analysis, the consistent IA results
show that there is indeed no unexpected IA signal in our small
scales cosmic shear analysis.

Appendix C: Effective Redshift of the BCM Constraint

As a photometric survey, DES galaxy catalogs do not have
high precision measurements on the redshifts, so the astro-
physical and cosmological findings usually contain informa-
tion blending in a range of redshifts. However, in the Section
IV, we provide the effective redshift at which our constraint
on Mc is attached to. In this section we explain how we get
this number zeff = 0.21.

The strategy is based on the following reasoning: the
redshift-localized baryonic suppression effect that makes the
most difference in the statistics (likelihood, or χ2,) is the
redshift our measurement most sensitive to, in terms of the
baryonic suppression effect constraints. So we apply a Gaus-
sian kernel with width σz = 0.1 on the baryonic suppres-
sion S(k, z) modeled by Baccoemu. At the center redshift,
BCM S(k, z) is multiplied to the dark matter only matter
power spectrum, while away from the Gaussian kernel cen-
ter S(k, z)→ 1. Scanning zcenter through from 0.0 to 1.0, we
find the ∆χ2 between redshift-localized BCM and DMO data
vector peaks at 0.21. Thus we conclude zeff = 0.21 is the ef-
fective redshift contributing the most to our baryonic feedback
constraining power.

Appendix D: Information Criteria Definitions

It is a inclusive debate that which information criterion
serves the best (un-biased and statistically significant) for the
purpose of model comparison in cosmology. However, if a
finding is significant enough, we believe it should show up re-
gardless of the metric, so we present all the popular metrics
in the result section for readers to choose their favourite. Ta-
ble III gives the unambiguous definitions of the information
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FIG. 9. The ∆χ2 between redshift-localized BCM and DMO data
vectors. The localization of BCM baryonic suppression S(k, z) is
implemented by Gaussian kernels with σz = 0.1.

criteria we presented in the main text.

TABLE III. Information Criteria Definitions. Our data D consists
of the small scale cosmic shear ξ± measurements from DES Year-3,
with the number of data pointsNpts = 173. All averages are done by
integrating the posterior, namely the average by weight of the Monte
Carlo chain.

Name of the Quantity Formula

χ2 (M−D)TC−1(M−D)

BMD 〈(−χ
2

2
−Z)2〉 − 〈−χ

2

2
−Z〉2

Z being the logarithm evidence
AIC χ2

min + 2 ∗ BMD

AIC(k = N ) χ2
min + 2 ∗Nmodel

BIC χ2
min + BMD ∗ log(Npts)

BIC(k = N ) χ2
min +Nmodel ∗ log(Npts)

DIC 〈χ2〉+ 2 ∗ BMD

DIC(k = N ) 〈χ2〉+ 2 ∗Nmodel
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