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Uncertainties due to baryonic physics 
~ 10-30%

We rely on gravity-only simulations to interpret survey observables.

The the accuracy of P(k) need to reach ~ 1% level to k~10 h Mpc-1 in the era of LSST. 

Halofit (Takahashi+12) ~ 5% ~ 10% ~ 10%

HMcode (Mead+15) ~ 5% ~ 5% ~ 5%

COYOTE Universe (Heitmann+10) ~ 1% ~ 5% ~ 5%

Aemulus Project (DeRose+18) ~ 1% ~ 1%
MIRA-TITAN 
Universe


(Heitmann+16) ~ 1% ~ 1%

Convergence of P( k,z | cosmology) in DMO sims
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Impact of baryonic effects on P(k)

The the accuracy of P(k) need to reach ~ 1% level to k~10 h Mpc-1 in the era of LSST. 

— Hydrodynamical simulations are far from converging…
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The redshift evolution on P(k, z) can be really different…
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Strategies of modeling baryonic uncertainties

discard data
modeling  

discrepancy 
(hydro vs DMO)

halo model fast correction 
on DMO sims

safe scale cut

peak clipping

(Simpson+12, 
Giblin+18)

Ratio

Phydro(k)/Pdmo(k)

(Harnois-Deraps+15, 

Chisari+18)

PCA method 
(Eifler+15, Huang+18)

weighted 
difference


w (ξ±, hydro - ξ±, dmo)

PC mode 
exclusion

HMcode 
halo profile 
parameters

(Mead+15, 

Copeland+17)

gradient-based 
method

(Dai+18)

(Mohammed+14, Schneider+18)

The paper is organised as follows: In Sec. 2 we describe the basics of the model, spec-
ifying the parametrisation of its different components. In Sec. 3 we quantify the effects of
individual parameters on the matter power spectrum and we provide a comparison with the
OWLS hydrodynamical runs. In Sec. 4 the BC model parameters are constrained with X-ray
observations assuming three different and well motivated values for the hydrostatic mass bias
of X-ray observations. Based on the best fitting parameters, we then provide predictions for
the matter power spectrum as well as the weak-lensing angular shear power spectrum and
real-space correlation in Sec. 5. We conclude our work in Sec. 6 and show further comparisons
with hydrodynamical simulations in Appendix A.

2 Updated baryonic correction model

In this section we start by introducing the basic principles of the baryon correction (BC)
model. The parametrisation of each matter component (gas, stars, and dark matter) are
discussed in separate subsections.

2.1 Basic principle

In gravity-only N -body simulations both dark matter and baryons are assumed to only inter-
act gravitationally. With this simplifying assumption, the profiles of haloes are well described
by combining a truncated NFW profile (⇢NFW) [19, 20] with a 2-halo density component (⇢2h)
[21], i.e.,

⇢dmo(r) = ⇢nfw(r) + ⇢2h(r). (2.1)

The two terms of this total dark-matter-only (dmo) halo density profile are described in
Sec. 2.2.

In a more realistic scenario, gas is allowed to cool and to form stars at the centres of
haloes. At the same time, feedback effects from active galactic nuclei may heat up the gas
and push it towards the outskirts of haloes. It is therefore important to separately model
the dark matter, the gas, and the stellar halo components. We define a more realistic dark-
matter-baryon (dmb) profile of the form

⇢dmb(r) = ⇢gas(r) + ⇢cga(r) + ⇢clm(r) + ⇢2h(r), (2.2)

where the subscripts stand for the gas (gas), the central galaxy (cga), and the collisionless
matter components (clm), respectively. The latter is dominated by the dark matter compo-
nent but also contains the stellar halo and the satellite galaxies which are assumed to act as
collisionless components following the same profile than the dark matter. The profiles of the
different model components of Eq. (2.2) are described in Secs. 2.3 - 2.5.

With the density profiles at hand, we can readily obtain the mass profiles by integrating
over the volume, i.e.,

M�(r) = 4⇡

Z r

0
dss

2
⇢�(s), � = {nfw, gas, cga, clm, 2h, dmo, dmb}. (2.3)

Furthermore, it is possible to define the total halo mass as follows

Mtot = Mgas(1) +Mcga(1) +Mclm(1) = Mnfw(1), (2.4)

– 3 –

gas profile

central stellar profile

redistribution 

of DM particles



102 103

`

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

L
�

1 [
C

00 hy
d
ro
�

C
00 d
m

o
]

exclude 0 PC mode

Eagle

MB2

Horizon-AGN

Illustris

AGN

DBLIMFV1618

NOSN

NOSN NOZCOOL

NOZCOOL

REF

WDENS

WML1V848

WML4

w
 (M

hy
dr

o -
 M

dm
o)

w
 (M

hy
dr

o -
 M

dm
o)

�6

Shear tomography power spectrum C00(ℓ)

PC decomposition to model baryonic effects (arXiv:1809.01146)

(Eifler+15, Huang+18)

Mbaryon (pco, Qi) = Mdmo (pco) + w-1 Σ Qi PCi
baryonic model 

generator

w (Mhydro - Mdmo) = Σ Qi PCi
Constructing 
PC modes
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w (MOWSL - Mdmo) = Σ Qi PCiTraining: 
i=1

9

 w (DMB2 - Mdmo)  = Σ Qi PCi
Eagle

Illustris
Horizon-AGN

Testing:

Without baryon mitigation (LSST Y10)
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(arXiv:1809.01146)

Mbaryon (pco, Qi) = Mdmo (pco) + w-1 Σ Qi PCi
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w (MOWSL - Mdmo) = Σ Qi PCiTraining: 
i=1

9

 w (DMB2 - Mdmo)  = Σ Qi PCi
Eagle

Illustris
Horizon-AGN

Testing:

(arXiv:1809.01146)

After marginalizing over 3 PC modes

PCA method can capture baryonic feature within few combination of PC modes.
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(ℓmax ≈ 5000)
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Performance of PCA for LSST Y10 (arXiv:1809.01146)
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After marginalizing over 9 PC modes

PCA method can capture baryonic feature within few combination of PC modes.
The posterior contours converge, even after marginalizing over all available PC modes.
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Performance of PCA for LSST Y10 (arXiv:1809.01146)
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After marginalizing over 9 PC modes

PCA method can capture baryonic feature within few combination of PC modes.
The posterior contours converge, even after marginalizing over all available PC modes.
Distinct training simulations are needed to span the Illustris scenario (outlier).
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Expected performance of PCA mitigation on DES Y1 
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FIG. 4. The measured shear correlation function ⇠+ (top triangle) and ⇠� (bottom triangle) for the DES Y1 METACALIBRATION catalog.
Results are scaled by the angular separation (✓) to emphasize features and differences relative to the best-fit model. The correlation functions
are measured in four tomographic bins spanning the redshift ranges listed in Table I, with labels for each bin combination in the upper left
corner of each panel. The assignment of galaxies to tomographic bins is discussed in Sec. II B. Scales which are not used in the fiducial
analysis are shaded (see Sec. VII A). The best-fit ⇤CDM theory line from the full tomographic analysis is also plotted as the solid line. We
find a �

2 of 268 for 211 degrees of freedom in the non-shaded regions, which is discussed in Sec. VIII A.

We also test the level of shape noise in the covariance ma-
trix by comparing halo model covariance predictions for ⇠�
on small scales (2.5 < ✓ < 10 arcmin), where shape noise
dominates, to jackknife estimates for both shape catalogs from
the data. We find very good agreement for METACALIBRA-
TION, but there is an indication that in two tomographic bins,
the shape noise of IM3SHAPE may be underestimated by up
to 20%. We believe this is due to an unresolved issue with the
empirically derived weights as a function of redshift. Since we
use IM3SHAPE only to validate that our shape measurement
and calibration is robust, this would only result in a slight in-
flation of the significance of this test in Sec. IX B.

VI. BLINDING

For the DES Y1 analysis, we have maintained a catalog-
level blinding scheme similar to the DES SV analyses, but
rescaling |⌘| = 2 arctanh |e| by a factor between 0.9 and 1.1
(see [92] for a review of blinding in general). This catalog

blinding 16 was preserved until the catalogs and primary DES
Y1 cosmological analyses and papers (this work and [51])
completed a first round of the DES internal review process.
All calculations were then repeated with the unblinded cata-
logs for the final version of this paper.

In addition to this catalog-level blinding, no comparison
to theory at the two-point level (⇠±) or of cosmological con-
tours was made, nor were central values of any cosmological

16 During the internal review process for [54], it was discovered that separate,
but equivalent, oversights in the shear calibration of the two catalogs led
to a substantial fraction (e.g., the linear part in e) of the blinding factor
being calibrated. This was undiscovered until the catalogs were finalized,
and thus had no impact on catalog-level choices. It is valid to question
whether this invalidated our blinding strategy at the parameter estimation
level. It did not, for two reasons: 1) only a few people in the collaboration
were aware of the potential issue until after we unblinded the cosmolog-
ical parameters, minimizing any impact, and 2) The secondary blinding
enforced at the two-point and parameter level ensured that even had we
become aware of this oversight much sooner, it could not have led to ex-
perimenter bias in our analyses.

(Troxel+18)

DES Y1 cosmic shear
scale cut :  4 ~ 6 arcmin
scale cut : 30~70 arcmin

ξ+

ξ-
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Do we gain more information from small scale cosmic shear?
Expected performance of PCA mitigation on DES Y1 
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Do we gain more information from small scale cosmic shear?
Expected performance of PCA mitigation on DES Y1 
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Assume non-linear IA model here!
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HMcode to model baryonic effects
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Halo structure parameters
Baryon impacts on dark energy 7

Figure 4. The ratio of matter power spectra at z = 0 for different iterations of parameters in Θ = (AB, η0, Ωm, Ωb, h, σ8, ns, w0, wa, rb ),
with respect to a fiducial power spectrum computed with parameter values found by Planck Collaboration et al. (2016a). Bluer (redder)
curves correspond to lower (higher) values for parameters in the range 0.9 Θfid < Θ < 1.1 Θfid, except in the case of the dynamic dark
energy parameter which varies between −0.1 < wa < 0.1, and rb which is varied between core sizes of rb = 0−100 h−1kpc and plotted with
respect to the fiducial rb = 0h−1kpc.

auto-correlations of power within each bin. Provided there
is no intrinsic alignment to account for, we write

Ĉℓ,ij = Cℓ,ij +
σ2
e

ni
δij, (29)

where ni is the number density of galaxies in redshift bin i.
A 2-parameter confidence region is finally determined

by inverting the Fisher matrix to marginalize over the other

parameters, and extracting the resulting 1-σ errors, σ2
αβ

=
[
F−1

]
αβ

.

3.3 Results

We construct (AB, η0, rb,Ωm,Ωb, h, ns,σ8,w0,wa) Fisher ma-
trices for a Euclid-like survey. In Table 1, we state the
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Figure 4. The ratio of matter power spectra at z = 0 for different iterations of parameters in Θ = (AB, η0, Ωm, Ωb, h, σ8, ns, w0, wa, rb ),
with respect to a fiducial power spectrum computed with parameter values found by Planck Collaboration et al. (2016a). Bluer (redder)
curves correspond to lower (higher) values for parameters in the range 0.9 Θfid < Θ < 1.1 Θfid, except in the case of the dynamic dark
energy parameter which varies between −0.1 < wa < 0.1, and rb which is varied between core sizes of rb = 0−100 h−1kpc and plotted with
respect to the fiducial rb = 0h−1kpc.
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Ĉℓ,ij = Cℓ,ij +
σ2
e

ni
δij, (29)

where ni is the number density of galaxies in redshift bin i.
A 2-parameter confidence region is finally determined

by inverting the Fisher matrix to marginalize over the other

parameters, and extracting the resulting 1-σ errors, σ2
αβ

=
[
F−1

]
αβ

.

3.3 Results

We construct (AB, η0, rb,Ωm,Ωb, h, ns,σ8,w0,wa) Fisher ma-
trices for a Euclid-like survey. In Table 1, we state the

MNRAS 000, 1–19 (2017)

Baryon impacts on dark energy 7

Figure 4. The ratio of matter power spectra at z = 0 for different iterations of parameters in Θ = (AB, η0, Ωm, Ωb, h, σ8, ns, w0, wa, rb ),
with respect to a fiducial power spectrum computed with parameter values found by Planck Collaboration et al. (2016a). Bluer (redder)
curves correspond to lower (higher) values for parameters in the range 0.9 Θfid < Θ < 1.1 Θfid, except in the case of the dynamic dark
energy parameter which varies between −0.1 < wa < 0.1, and rb which is varied between core sizes of rb = 0−100 h−1kpc and plotted with
respect to the fiducial rb = 0h−1kpc.

auto-correlations of power within each bin. Provided there
is no intrinsic alignment to account for, we write
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Performance of HMcode for LSST Y10

Illustris [PCA ex9]

Illustris [HMcode A + ⌘0]
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HMcode works better for strong AGN feedback scenario like Illustris.
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Tension in 2D posterior constraints. 
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Summary
PCA Halo Model Fast correction 

on N-body sims

Flexibility in both 
Scale and Redshift 

directions

[Current Model] 
Assume no strong redshift evolution on  

halo/gas profiles. 
Redshift evolution build in via evolution 

of halo mass function.

Physically meaningful 
parametrization

Compact and flexible PC 
modes (functional form)

Link to observational quantitiesBased on hydro sims 
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The redshift evolution on P(k) can be really different…
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PCA Halo Model Fast correction 
on N-body sims

Flexibility in both 
Scale and Redshift 

directions

[Current Model] 
Assume no strong redshift evolution on  

halo/gas profiles. 
Redshift evolution build in via evolution 

of halo mass function.

Emulator

[Assumptions] 
 Independence between 
baryon and cosmology. 
 Input hydro sims are all 
under ΛCDM.

 Cosmology/Baryon 
separation via  
1-halo & 2-halo terms 
 go beyond ΛCDM

Physically meaningful 
parametrization

Compact and flexible PC 
modes (functional form)

Link to observational quantitiesBased on hydro sims 

Summary


