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3  How baryons can significantly bias cluster
count cosmology

Based on
Stijn N. B. Debackere, Joop Schaye, Henk Hoekstra

Monthly Notices of the Royal Astronomical Society, Volume 505, Issue 1,
p. 593-609 (2021)

We quantify two main pathways through which baryonic physics biases cluster count cos-
mology. We create mock cluster samples that reproduce the baryon content inferred from
X-ray observations. We link clusters to their counterparts in a dark matter-only universe,
whose abundances can be predicted robustly, by assuming the dark matter density pro-
file is not significantly affected by baryons. We derive weak lensing halo masses and
infer the best-fitting cosmological parameters Q,,, Sz = 05(£21,/0.3)°-2, and wq from the
mock cluster sample. We find that because of the need to accommodate the change in the
density profile due to the ejection of baryons, weak lensing mass calibrations are only un-
biased if the concentration is left free when fitting the reduced shear with NFW profiles.
However, even unbiased total mass estimates give rise to biased cosmological parame-
ters if the measured mass functions are compared with predictions from dark matter-only
simulations. This bias dominates for haloes with msgp. < 10> h~! M,. For a stage
IV-like cluster survey without mass estimation uncertainties, an area ~ 15000 deg2 and a
constant mass cut of Mmagom,min = 10** A1 Mg, the biases are —11 & 1 per cent in Qyy,
—3.29 4+ 0.04 per cent in Sg, and 9 + 1.5 per cent in wy. The statistical significance of
the baryonic bias depends on how accurately the actual uncertainty on individual cluster
mass estimates is known. We suggest that rather than the total halo mass, the (re-scaled)
dark matter mass inferred from the combination of weak lensing and observations of the
hot gas, should be used for cluster count cosmology.
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3.1 Introduction

Clusters of galaxies are sensitive probes of structure formation in a universe where struc-
ture forms hierarchically, because they are still actively forming. Their abundance in a
given volume as a function of mass and redshift contains a wealth of information about
the formation history of the Universe, i.e. its total amount of matter, how clustered it
is, and how its accelerated expansion changed in time (e.g. Allen et al., 2011). The fact
that the cluster abundance drops exponentially with increasing mass enables precise con-
straints on the underlying cosmology, but it also necessitates accurate mass calibrations
(e.g. Evrard, 1989; Bahcall et al., 1997).

Linking observed cluster number counts to the theoretical expectation for a given cos-
mology requires a well-defined cluster selection function and an accurately calibrated
mass—observable relation. These requirements are not independent, as Mantz (2019) il-
lustrated how the selection function also plays an important role in constraining the as-
sumed scaling relations between the observable mass proxy and the true mass near the
survey mass limit. All current abundance studies account for these effects in their analysis
(Mantz et al., 2010; de Haan et al., 2016; Bocquet et al., 2019; DES Collaboration et al.,
2020). While the cluster selection function is a crucial part of the cosmological analysis,
it also depends on the cluster detection method and is thus survey-specific. Here, we will
assume that the completeness of the sample can be modelled perfectly and focus solely
on the calibration of the mass—observable relation.

To convert the observed cluster mass proxy, e.g. the Sunyaev-Zel’dovich (SZ) de-
tection significance, into a mass, we need the mass—observable scaling relation. The
mass—observable relation cannot be predicted robustly from first principles, since it relies
on complex galaxy formation physics. Calibrating this scaling relation requires unbiased
mass estimates for a subset of the cluster sample. Consequently, it is generally calibrated
using weak lensing observations as they probe the total matter content of the cluster (e.g.
Von der Linden et al., 2014a,b; Hoekstra et al., 2015; Schrabback et al., 2018; Dietrich
et al., 2019; McClintock et al., 2019a).

Kohlinger et al. (2015) have shown the dramatic reduction in the statistical uncer-
tainties and systematic errors in cluster mass estimates from an idealized weak lensing
analysis due to the expected increase in area and background galaxy number density of
stage IV-like surveys such as Euclid' and the Rubin Observatory Legacy Survey of Space
and Time (LSST) 2. However, the accuracy of weak lensing mass calibrations remains
an open question, especially in the presence of baryons. Bahé et al. (2012) investigated
the mass bias inferred from weak lensing observations in dark matter-only (DMO, i.e.
gravity-only) simulations, finding cluster masses to be biased low by = 5 per cent due to
deviations of the cluster density profile from the assumed Navarro-Frenk-White (NFW,
see Navarro et al. 1996) shape in the cluster outskirts. Similarly, Henson et al. (2017)
found a bias of up to ~ 10 per cent in hydrodynamical simulations. The main conclusion
from these studies is that we need to correct weak lensing-derived masses for the lack of
spherical symmetry of the observed halo using virtual observations of simulated haloes

Ihttps://www.euclid-ec.org
2https://www.lsst.org/
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(see e.g. Dietrich et al., 2019). Lee et al. (2018) used hydrodynamical simulations to show
that while these effects are certainly important, the coherent suppression of the inner halo
density profile due to baryonic physics also matters. The impact of this effect on cluster
number count cosmology has not been isolated so far.

Simulations indicate that baryons significantly change the density profiles of haloes
when comparing them to their matched DMO counterparts (e.g. Velliscig et al., 2014;
van Daalen et al., 2014; Lee et al., 2018). In hydrodynamical simulations, baryonic ef-
fects lower the halo mass, maggc, at the < 5 (1) per cent level for cluster-sized haloes with
Magoe > 1014 (101*2) h~1 M compared to the same halo mass in a gravity-only simula-
tion, M200c,dmo- (€.g. Sawala et al., 2013; Cui et al., 2014; Velliscig et al., 2014; Martizzi
et al., 2014; Bocquet et al., 2016; Castro et al., 2020). Hence, we should not expect clus-
ter density profiles to follow the NFW shape, especially since baryons are preferentially
ejected outside r =~ r500c, Where weak lensing observations reach their optimal signal-to-
noise ratio. Balaguera-Antolinez & Porciani (2013) have investigated the impact of the
halo mass change due to baryons on cluster count cosmology, but they did not include
the effect of weak lensing mass calibrations. To isolate the effect of the change in the
halo density profile due to baryons, we generated idealized, spherical clusters that con-
sist of dark matter and hot gas that reproduces the observed cluster X-ray emission, thus
bypassing the large inherent uncertainties associated with the assumed subgrid models in
hydrodynamical simulations. These models allow us to study the bias in the inferred halo
masses for a standard, mock weak lensing analysis that assumes NFW density profiles.

With the cluster masses determined, the number counts as a function of mass and
redshift need to be linked to the underlying cosmology. Generally, the cosmology-
dependence of the halo mass function is taken from N-body (i.e. gravity-only) simu-
lations due to the need to simulate large volumes to obtain complete samples of clusters
at high masses for a range of cosmologies and because of the large uncertainties asso-
ciated with baryonic physics. Hence, the aforementioned change in halo density profile
also complicates the link between observed haloes and their DMO equivalents whose
abundance we can predict robustly (e.g. Cui et al., 2014; Cusworth et al., 2014; Velliscig
etal., 2014). Since stage IV-like surveys will reliably detect clusters down to halo masses
of msppec ~ 1014 h=1 M, this disconnect between observed and DMO haloes will need
to be taken into account in their cosmological analyses.

In this paper, we investigate the impact of baryonic effects on cluster number count
cosmology. We build a self-consistent, phenomenological model that links idealized clus-
ters whose baryon content matches that inferred from X-ray observations, to their DMO
equivalents (Section 3.2). Our linking method relies on the assumption that the cluster
dark matter profile does not change significantly due to the presence of baryons. Then,
we determine the cluster masses from mock weak lensing observations assuming NFW
profiles with either fixed or free concentration—mass relations (Section 3.3). We show
how the resulting mass biases impact cosmological parameters for different surveys in
Section 3.4. In Section 3.5 we explore the performance of aperture masses, which do not

3We define the spherical overdensity masses as the mass contained inside the physical radii 7 A (2), 7 Am (2)
that enclose an average density of (p) = Apcrit(2), (p) = Apm(2) = Qmperit(z = 0)(1 + 2)3, respec-
tively, where perit(z = 0) = 3HZ/(87G). That is, mac = 4/37Aperit(2)r3.(2) and mam(z) =
4/37AQm perit (2 = 0)(1 + 2)3r3 | (2).
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depend as sensitively on the halo density profile. The change in the inner density pro-
file due to baryonic effects affects aperture masses less strongly than deprojected masses,
resulting in a closer, but still not perfect, correspondence to the equivalent DMO halo
masses. We compare our findings to the literature in Section 3.6 and conclude in Sec-
tion 3.7.

3.2 Halo mass model

We construct an idealized model for the halo matter content as a function of halo mass
that incorporates observations for the baryonic component. We modify the model used in
our previous work, where we used a halo model to study the impact of baryonic physics
on the matter power spectrum (Debackere et al., 2020). The goal here is to obtain halo
density profiles that reproduce the observed hot gas density profiles from galaxy clusters
while at the same time constraining their abundance through the mass of their equivalent
DMO halo and the halo mass function calibrated with DMO simulations. This will al-
low us to self-consistently study the impact of baryonic physics on cluster number count
cosmology.

3.2.1 Linking observed and DMO haloes

In short, a halo contains dark matter and baryons. In this paper, we assume that the
latter consists entirely of hot gas, and we ignore the stars since they contribute only a
small fraction (= 1 per cent) of the total mass and since the satellite component, which
dominates the stellar mass, approximately follows an NFW density profile, similarly to
the dark matter (see e.g. van der Burg et al., 2015). The main assumption required to link
observed haloes to their equivalent DMO haloes is that the presence of baryons does not
significantly affect the bulk of the dark matter. If this is the case, the dark matter of the
observed halo will follow the density profile of the equivalent DMO halo, but with a lower
normalization, i.e.
Mam (<1)

1—Q/m

We can convert the observationally inferred total halo mass m(<r) to the DM mass at the
same radius using the observed baryon fraction fi,a,(7),

Mam (<) = (1 = foar(r))m(<r) . (3.2)

Mdmo (<T) = (3.1

Imposing an NFW profile so that
T

Mdmo (<7} ¢(M200m,dmos 2)) = 47T/PNFW(T;C(mzoom,dmo,z))Ter7 (3.3)
0

and combining Eqs. (3.1) and (3.2), yields
1 fba,r (T)

Mdmo (<75 ¢(M200m,dmo, 7)) = mm(@)- (34
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These relations fully determine the dark matter density profile and the equivalent DMO
halo corresponding to the observed halo relying solely on the observed baryon fraction,
the inferred total halo mass, and an assumed density profile for the DMO halo. We adopt
an NFW density profile (Navarro et al., 1996) for the equivalent DMO halo and the me-
dian concentration—mass relation, c(m200m7dm0, z), for relaxed haloes without scatter of
Correa et al. (2015). Brown et al. (2020) have shown that this relation accurately predicts
the concentration of simulated DMO haloes in observationally allowed ACDM cosmolo-
gies. Explicitly, we assume that the dark matter of the observed halo has the same scale
radius as the equivalent DMO halo, but a density that is a factor of 1 — Qy, /Q,,, lower.

Eq. (3.1) will not hold in detail since the dark matter does react to the presence of
baryons (e.g. Gnedin et al., 2004; Dufty et al., 2010; Schaller et al., 2015). However, in
the OWLS (Schaye et al., 2010) and cosmo-OWLS simulations (Le Brun et al., 2014)
the dark matter mass enclosed within r9gg. increases by < 1 per cent due to contraction
for all halo masses that we include in our analysis (Velliscig et al., 2014). Hence, by not
accounting for the contraction of the dark matter, we may overestimate the true equivalent
DMO halo mass by up to & 1 per cent, since mam (<7)/Mdmo(<r) > 1 — Qp/Qp.
However, this effect will be smaller than the bias due to missing baryons for the abundant
low-mass clusters (msooe < 1014° h~1 M) that are missing a significant fraction of the
cosmic baryons.

3.2.2 Including observations of baryons

To determine the baryonic component of our model, we only require a fit to the hot gas
density profiles inferred from the observed X-ray surface brightness of galaxy clusters.
For a detailed description of how the X-ray surface brightness is converted into the den-
sity profile, we refer to Section 3 of Debackere et al. (2020). In short, the X-ray surface
brightness is fit with a spherically symmetric, collisionally ionized electron plasma of
temperature 7" and metallicity Z. Assuming mass abundances for hydrogen, helium and
metals, we then convert the electron number density into a mass density profile. The halo
masses for each cluster can then be determined from the hot gas density and tempera-
ture profiles under the assumption of hydrostatic equilibrium. We use observations from
the Representative XMM-Newton Cluster Structure Survey (REXCESS, Bohringer et al.
2007) because the clusters constitute a local, high-quality, and volume-limited sample,
representative of the local X-ray cluster population. Since the survey is not flux-limited,
the sample suffers less from the well-known cool-core bias for X-ray cluster samples
(Chon & Bohringer, 2017). However, the dynamical state of REXCESS clusters still
differs from that of SZ selected samples (which suffer less from biases due to their ap-
proximate mass selection, see e.g. Rossetti et al., 2016). We evolve the inferred density
profiles self-similarly to extrapolate to higher redshifts. In self-similar evolution, den-
sity profiles evolve with redshift as p(z) o< E2(z) = Qun(1 + 2)3 + Q4 (Kaiser, 1986).
Consequently, masses defined with respect to the critical density of the Universe remain
constant. In the top panel of Fig. 3.1, we show the median of the ms5gg.-binned observed
hot gas density profiles, pgas(r|m,z = 0.43), evolved self-similarly to z = 0.43 (the
mean redshift of both the SPT and DES calibration samples, see Dietrich et al. 2019 and
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DES Collaboration et al. 2020, respectively), and the 16th and 84th percentile range from
the REXCESS data of Croston et al. (2008).

Our procedure for obtaining the gas density profiles and corresponding cluster masses,
relies on a couple of assumptions that we now justify. First, in linking the gas density pro-
files inferred from X-ray observations to the cluster masses, we have assumed hydrostatic
equilibrium. This assumption implies that our resulting masses are lower limits on the true
cluster masses since observations and simulations suggest that halo masses inferred from
X-ray observations and hydrostatic equilibrium are underestimated by ~ 15— 30 per cent
(e.g. Mahdavi et al., 2013; Von der Linden et al., 2014b; Hoekstra et al., 2015; Medezin-
ski et al., 2018; Barnes et al., 2020; Herbonnet et al., 2020). Looking at Eq. (3.4), the
mass ratio m(<r) /mamo (<), whose bias we want to study, depends inversely on the in-
ferred dark matter fraction at r, 1 — fp., (7). If the observed cluster were not in hydrostatic
equilibrium, the fixed overdensity radius would increase along with the halo mass. If the
halo baryon fraction increases with radius outside 7590 (Which is a valid assumption, see
e.g. Vikhlinin et al. 2006), the resulting enclosed baryon fraction would be higher than the
one derived assuming hydrostatic equilibrium. In this case, the true mass ratio between
the observed halo and its corresponding DMO halo, m(<r)/mamo(<r), would be lower
than our value inferred assuming hydrostatic equilibrium. Hence, our model provides an
upper bound to the minimum possible mass ratio bias in Eq. (3.4) due to missing baryons.

Second, we have assumed that the hot gas density profiles evolve self-similarly with
redshift. There is observational evidence that the redshift scaling of the cluster hot outer
gas density profile is indeed close to self-similar (e.g. McDonald et al., 2017).

3.2.3 Fitting the gas density profiles

In Debackere et al. (2020), we constructed halo density profiles by fitting beta profiles to
the galaxy cluster gas density profiles inferred from the observed X-ray emission. While
this is certainly a valid approach, we take a different route here. In our previous work, we
had to enforce steeper slopes for the observationally unconstrained outer hot gas density
profile so that haloes did not exceed the cosmic baryon fraction. However, while this fine-
tuning process ensures that the halo baryon fraction reaches the cosmic value at a fixed
radius, it then gradually declines further out. Since we wish to ensure that the halo baryon
fraction converges to the cosmic value in the halo outskirts, we decided not to fit the gas
density profile, but the halo baryon fraction instead:

Mpar (<M, 2)

fbar(r|m7z) = ) (3.5)

Mpar (<TIM, 2) + Mam (<r|m, 2)
where Mmpar (<r|m, z) and mam(<r|m, z) are the enclosed baryonic and dark matter
mass within 7 for a halo of mass m at redshift z, respectively. We can enforce the conver-
gence to the cosmic baryon fraction in the halo outskirts by choosing a functional form
for fpar(r) that asymptotes to 1,/ Q.

We construct the enclosed baryon fraction profiles from the observed gas density pro-
files pgas(r|m, z) from the REXCESS data of Croston et al. (2008). For each cluster,
we determine the dark matter mass at 59, using Eq. (3.2) and the NFW scale radius
by solving Eq. (3.4), assuming the hot gas accounts for all the halo baryons. Then, we
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Figure 3.1: Top panel: The median hot gas density profiles, evolved self-similarly to
z = 0.43, with their 16th and 84th percentile scatter for the halo mass-binned density
profiles from Croston et al. (2008) (coloured circles). We also show the model gas density
profiles inferred from fitting the halo baryon fractions (coloured lines). Bottom panel: The
ratio between the observed hot gas density profiles and our best-fitting model. We recover
the observed profile at the ~ 5 per cent level for most of the radial range, which is well
within the scatter of the object-to-object scatter for individual mass bins.
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obtain fpa,(r|m, z) from Eq. (3.5). We show the halo baryon fraction inferred from the
observations, also evolved self-similarly to z = 0.43, in the top panel of Fig. 3.2.

The baryonic density profiles can be recovered by taking the derivative of the enclosed
baryonic mass profile (we drop the m and z dependence)

1 dmpar(<r)

Proar(r) = 4mr? dr
o 1 d fbar(r)
T Anr2dr <1 — foar(r) mdm(<7’)>

_ f{)ar(r)mdm (<7“) + fbar (7")
B 47’(7"2(1 - .](‘bar(r))2 1-— fbar(r

where ’ = d/dr. For outer boundary conditions

yPdm (r), (3.6)

Em fbar(r) = Qb/Qm (37)
lim f{, () = 0. (3.8)

it is clear that the baryonic density profile will follow the dark matter in the halo outskirts.
In fact, the total matter profile, ppar+pdm, Will approach the equivalent DMO halo profile,
since pam(r) = (1 — Qp/Qm)pPdmo(r). This is exactly what is found in simulations
when comparing the halo-matter cross-correlation (which traces the average halo density
profile for a given mass) between DMO and hydrodynamical simulations (van Daalen
etal., 2014).

In this paper we will assume the baryon fraction goes to zero at small radii for sim-
plicity. Different functional behaviours, for instance including a central increase in the
baryon fraction that captures the stellar contribution, are also possible. However, we are
interested in studying the change in the cluster weak lensing signal due to the inclusion of
baryons. Since the lensing analysis usually excludes the central regions, and the central
galaxy would only contribute < 1 per cent of the total halo mass (see e.g. Zu & Mandel-
baum, 2015), we can safely neglect its contribution. We assume the profile

Toar(r|m, 2) = Qb/% (1 + tanh (10g10 ! ;;fflg)rt(m’z)>> , (3.9)

which gives

Fhax(rlm, 2) = 21n(?(j’)/aﬂ(;;Z)rcosh‘z (log“’&{?: t(z’)”’z)) > SR

where r(m, z) determines where the increase in the baryon fraction turns over and
a(m, z) sets the sharpness of the turnover (a > 1 is smooth, o < 1 is sharp). We show
the best-fitting fi,..(r|m, 2) profiles to the REXCESS data, assuming Egs. (3.6), (3.9),
and (3.10), in the top panel of Fig. 3.2. In the bottom panel of Fig. 3.2, we show the ratio
of our model to the observations. We are able to capture the observed behaviour at the
~ bper cent level for all halo masses and over most of the radial range. This accuracy
is well within the observed scatter of the individual gas density profiles. The benefit of
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Figure 3.2: Top panel: The enclosed baryon fraction as a function of radius for the me-
dian, mass-binned hot gas density profiles, evolved self-similarly to z = 0.43, including
their 16th and 84th percentile scatter from Croston et al. (2008) (coloured circles). The
dark matter mass is obtained by subtracting the gas mass from the inferred total halo
mass. We assume the dark matter follows an NFW profile with a scale radius deter-
mined by the equivalent DMO halo that accounts for all cosmic baryons within 7590,
ie. Mamo(<rsooc) = 1/(1 — Qb/Qm)Mdm(<rs00c). Our best-fitting model assuming
Eq. (3.9) is shown as the coloured lines. Bottom panel: The ratio between the inferred
enclosed baryon fraction from X-ray observations and our best-fitting model. We recover
the correct baryon fractions at the ~ 5 per cent level for all radii and halo masses, which
is well within the scatter of the object-to-object scatter for individual mass bins.
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fitting the halo baryon fraction instead of the gas density, is that the outer baryonic density
automatically traces the dark matter, while accounting for all of the cosmic baryons.

To extrapolate our model beyond the observed cluster masses and redshifts, we scale
the density profiles self-similarly and fit r(m, z) and «(m, z), opting for the following
(m, z) dependencies

logyo(re/mx) (mx, 2) = 7(2) (logyg mx — M(2)) (3.11)
a(my, z) = a(z)(logyy mx — f(2)), 3.12)

where [7(z),m(z), &(z), fi(z)] are free fitting parameters at 10 redshift bins z € [0.1, 2]
(we interpolate for intermediate values of z) and my is the chosen halo mass definition,
msooc in our case. The chosen linear behaviour captures the average mass dependence of
the fit parameters quite well, as we show in Appendix 3.A.

We stress that the assumed functional form for fi.(r|m, z) implicitly fixes the gas
density profile in the halo outskirts. To account for different outer gas density profiles,
we also fit the halo baryon fractions inferred from the 16th and 84th percentiles of the
hot gas density profiles in Fig. 3.1. To ensure that these fits bracket the median profile
results for all masses and redshifts, we fix a(m, z) to the best-fitting behaviour of the
median profiles, and leave r(m, z) free to vary. These different profile behaviours can
quantify the effect of higher and lower outer gas densities, which are difficult to constrain
observationally, on the inferred halo masses from weak lensing observations.

We show the halo baryon fractions as a function of mass and for different outer radii,
in Fig. 3.3. We also show the gas fractions at 75¢q. inferred from the REXCESS data. Our
model closely reproduces the median behaviour. The fits to the 16th and 84th percentiles
of the hot gas density profiles capture the full range of the observational uncertainty.
Hence, our model is fully representative of the REXCESS galaxy cluster population.

As a consequence of our chosen functional form for the radial profile of the halo
baryon fraction, Eq. (3.9), haloes with masses msgg. = 10'° h~! M, contain the cosmic
baryon fraction within r509.. In simulations, however, halo baryon fractions might ex-
ceed the cosmic value at 7509 for these massive haloes since their strong potential wells
prevent the ejected baryons from leaving the halo (see e.g. fig. Al of Velliscig et al.
2014 or fig. 2 of Lee et al. 2018). The REXCESS clusters are not massive enough to
observe this behaviour. Moreover, even if this were the case, the lower-mass haloes most
tightly constrain the shape and normalization of the halo mass function since they are
more abundant.

Another possibly important effect is that at radii larger than 7590 the hot gas pressure
might prevent further infall of cosmic baryons, lowering the asymptotic baryon fraction
below the cosmic value. Our mock weak lensing observations are performed at scales
= 13500c for the most massive haloes, and should not be significantly affected by the gas
distribution in the halo outskirts. Our profiles assume that the baryon fraction asymptotes
to the universal fraction. If the baryon fraction at large radii were smaller than assumed,
then the true halo mass, m200m true. Would be lower than our model prediction. In that
case, the ratio magom,true/200m,dmo Would be smaller than what we find, since the
linked DMO halo mass would remain the same. Hence, our model provides an upper
limit to the true mass ratio and, consequently, a lower limit on the bias in the measured
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Figure 3.3: The REXCESS X-ray hydrostatic gas fractions as a function of halo mass
from Croston et al. (2008). The median fi.. (< 27500 ) — Ms00c relations (thick, coloured
lines) and the 16th to 84th percentile ranges (shaded regions) from our model fits to the
inferred radial gas fractions of the observed density profiles are shown. We also show the
extrapolated enclosed gas fractions at larger radii than observed.

cosmological parameters from cluster counts. We stress that Eq. (3.5) would be able to
capture these behaviours if an appropriate functional form is chosen.

In conclusion, our model accurately captures the baryonic content of the average clus-
ter population, since we fit it to the median halo mass-binned gas density profiles inferred
from cluster X-ray surface brightness profiles. This also justifies our assumption of spher-
ical symmetry, since deviations due to the presence of substructure or triaxiality of indi-
vidual haloes average out in a stacked analysis if the cluster selection is unbiased. In
Section 3.3, we will use our model to compare the halo masses inferred from a mock
weak lensing analysis to the true halo masses.

3.3 Mock observational analysis

Mass calibrations of observed samples of clusters are carried out for a subset of the sample
for which weak lensing observations are available or follow-up observations are made
(e.g. Applegate et al., 2014; Hoekstra et al., 2015; Schrabback et al., 2018; Dietrich
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et al., 2019). Different groups use different assumptions to derive weak lensing masses.
To minimize the statistical noise in the mass determination of individual clusters due
to the degeneracy between mass and concentration (see e.g. Hoekstra et al., 2011), one
generally assumes a fixed concentration (as in Applegate et al. 2014 and Von der Linden
et al. 2014a) or a concentration—mass relation from simulations (as in Hoekstra et al. 2015;
Schrabback et al. 2018; Dietrich et al. 2019). The weak lensing derived halo masses are
then used to calibrate a scaling relation between a survey observable mass proxy and the
weak lensing-derived halo mass.

Using our idealized halo model described in Section 3.2, we can generate mock weak
lensing observables for clusters with realistic baryonic density profiles. We investigate
how accurately the aforementioned weak lensing derived halo mass recovers the true halo
mass in the presence of baryons and how the best-fitting mass from the mock weak lens-
ing observations compares to the mass of the same halo in a gravity-only universe, for
which we can reliably predict the abundance. The mismatch between these masses deter-
mines the bias in the cosmological parameters inferred from a cluster count cosmological
analysis as we will perform in Section 3.4.

The observable of interest for weak lensing is the reduced shear

(0

gr(0) = m()e) (3.13)

where x(0) = X(6)/Zcis is the convergence, y7(6) is the tangential shear, and 3¢ is
the critical surface mass density, defined as
|

it = —— —— 14
it = G B, (3.14)

where D and = max(0, D\s/Ds) are the angular diameter distance between the ob-
server and the lens, and the lensing efficiency for a source at a distance Dy from the
observer and a distance Djs behind the lens (which is negative for sources in front of the
lens), respectively.

For clusters, generally x ~ 1 ~ 0.01 — 0.1 at the scales probed with weak lensing
observations (0.5 < R < 5h~'Mpc). Assuming a cosmological model, the angular
position, #, can be converted into a projected physical distance, R, using the observed
angular diameter distance, D, as § = R/D. The tangential shear is given by

Y(<R|m, z) — B(R|m, 2)

fYT(R|m7Z) = Yerit )

(3.15)

where X(R|m, z) is the projected surface mass density profile for a halo with mass m at
redshift z,

Z(R|m,z):/ p(R, Im, 2)dl

— 00

> T
=2 dr p(rim, z) —, 3.16
| trim )= G160
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which we compute with a Gauss-Jacobi quadrature to ensure convergence in the presence
of the singularity at r = R, and ¥(<R|m, z) is the mean enclosed surface mass density
inside R

_ 9 R
Z(<R|m,z):?/0 AR R'S(R'|m, =) 3.17)

The halo model described in Section 3.2 enters in Eqgs. (3.16) and (3.17) through the
total density profile

p(rlm, z) = pam(rim, z) + ppar(r|m, z) . (3.18)

Here, we obtain the normalization of the dark matter NFW density profile, pqnm,, by taking
the halo mass at 7500 and correcting it for the gas fraction inferred from observations of
the X-ray surface brightness profiles of the REXCESS clusters (Eq. 3.2). We assume that
the dark matter has the same NFW scale radius as the equivalent DMO halo, which can be
derived by combining Eqs. (3.1) and (3.3). The baryonic density profile, ppa,, is obtained
by fitting Eq. (3.9) to the radial baryon fraction profiles inferred from observations.

We show the reduced shear profiles for different halo mass bins in the top panel of
Fig. 3.4. We have assumed a mean lensing efficiency (8) = 0.5 in Eq. (3.14) (in agree-
ment with the SPT calibration sample; Dietrich et al. 2019) to generate observations in
10 radial bins between 0.75 h~! Mpc and 2.5 h~! Mpc at z = 0.43, (similar to the mean
redshift of the calibration samples for SPT and DES, (z) = 0.42 and (z) = 0.45, respec-
tively; Dietrich et al. 2019; DES Collaboration et al. 2020). The observational uncertainty
in the reduced shear due to the intrinsic galaxy shape noise for each bin R; with bin size
AR; decreases with the total number of galaxies in the bin, and is taken to be

2 Ugal

Oobs = ZW'FLRzARl ) (319)
with the intrinsic galaxy shape noise oz, = 0.25 (e.g. Hoekstra et al., 2000), and the mean
background galaxy number density 7 = 10 arcmin~2 (similar to Dietrich et al., 2019).
In a stacked analysis the shape noise would decrease by a factor of v/ N, where N is the
number of clusters in the stack. However, this would not affect our best-fitting models
since we do not include scatter in the mock observational data. Our mock observations
are overly optimistic in this sense. However, given enough clusters, the derived mass—
observable relation should converge to the one we find. We choose radial bins within the
range 0.75 < R;/(h~! Mpc) < 2.5 corresponding to angular sizes 3.2 < 6/arcmin <
10.7 at z = 0.43 for a Planck Collaboration et al. (2020) cosmology (similar to Dietrich
et al., 2019). The inner radius corresponds to ~ 1.6 (0.5) r500c(z = 0.43) for haloes
of masses mspoc = 1014 (10*%%) h=1 M. At smaller scales, cluster miscentring and
contamination become important. At larger scales, the large-scale structure contributions
to the surface mass density become important. For different redshifts, we scale the radial
range of the observations by (1+2)71,i.e. R;(2) = 1.43/(1+2)R;(z = 0.43), to ensure

that we are not greatly exceeding r5ooc(2) in the fitting range.
The dashed lines in Fig. 3.4 indicate the best-fitting NFW profile to the observed
data points, assuming the median Correa et al. (2015) concentration—mass relation. We
also show the resulting NFW profile when leaving the scale radius, rg, free as the dotted



98 Mock observational analysis

0.15}

0.10f

gr(R)

0.05|

0.00}
1.04]

> - 13.9714.2714.52 15.0

102\ 3 —
2 N\ log,ymsg. [# M o ]

= -
20 100 e - S R
% 0.98] ST
e _ _

0961||r?% 2=043 |

1 2 3 4
R[7 ' Mpc]

Figure 3.4: Top panel: The reduced shear profiles for different halo mass bins (different
colours) at z = 0.43. The mock observations with uncertainties for a single halo set
by an intrinsic galaxy shape noise of 0y, = 0.25 and mean background galaxy density
of 7 = 10 arcmin—2 are shown on top of the underlying true density profile (coloured
dots and solid lines). The green shaded region indicates the fitting range for the mock
weak lensing observations. The coloured arrows in the bottom panel indicate 5. for
the different halo mass bins. The best-fitting NFW profiles with fixed (free) scale radius,
rs, are also shown as dashed lines (dotted lines). Bottom panel: The ratio of the best-
fitting NFW profiles to the true profiles. Leaving the NFW scale radius free results in
accurate fits to the true profiles. Fixing the scale radius to a concentration—mass relation
for DMO haloes overestimates the signal in the core, where baryons are missing, and
underestimates the signal in the outskirts. The mismatch decreases with increasing halo
mass as more massive haloes have higher baryon fractions within the fitting range.
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lines. Observationally, they would be difficult to distinguish from the true profile because
the difference due to baryons is negligible compared to the shape noise of an individual
cluster. The lower panel of Fig. 3.4 shows the ratio between the best-fitting NFW reduced
shear profiles and the true profiles. Clearly, with currently attainable source background
densities, we cannot discern the true reduced shear profile from the best-fitting NFW
profiles, which would require per cent level precision for the shear measurements. We
have checked that even a stage IV-like survey with 7 = 30 arcmin~—2 could only observe
the difference between the true density profile and the NFW fit with fixed concentration—
mass relation at the ~ 2 o level in a stack of O(10%) clusters with m500. > 101~ M.

We obtain deprojected enclosed total halo mass profiles mypw (<r) from the best-
fitting NFW density profiles to the reduced shear. We show the ratio between the NFW
reconstructed enclosed halo mass with fixed and free scale radius, s, and the true halo
mass in Fig. 3.5 for haloes with masses ms0p. = 104, 10'#°, 10'%, 10 h~! M,. The
results of both fitting methods are generally within ~ 5 per cent of the true enclosed
mass profiles for all halo masses we show. However, fixing the concentration—mass re-
lation of the NFW density results in substantially more biased halo mass estimates. The
best-fitting NFW profile is determined by the fitting range of the observations and mini-
mizes the x? error by balancing the over- and underestimation of the true profile, as can
be seen in the bottom panel of Fig. 3.4. Since feedback processes redistribute the baryons
to larger scales, the best-fitting NFW profiles consistently overestimate the halo mass in-
ternal to the minimum radius of the fit. Moreover, since the NFW profile cannot capture
the more rapidly increasing baryonic mass towards the halo outskirts, the outer halo mass
is consistently underestimated. This behaviour is general: the inner radius of the obser-
vational fitting range approximately determines the physical scale at which the inferred
total deprojected halo masses are unbiased. For radii progressively smaller (larger) than
the inner fitting radius, total deprojected masses are overestimated (underestimated) with
increasing amplitude.

This bias can be reduced, however, by leaving the NFW scale radius as a free param-
eter. The inner halo mass will still be biased, but the extra freedom allows for practically
unbiased outer halo mass estimates (see Fig. 3.5). This behaviour is clearly visible in the
top panel of Fig. 3.6, where we show the ratio m20om NFW /7200m,true for both fitting
methods. The bottom panel of Fig. 3.6 shows how r¢ needs to increase with respect to
the true value to capture the less centrally concentrated halo baryons. However, this is
not possible when fixing the concentration—mass relation, resulting in overestimated (un-
derestimated) masses when 7200m true 5 ()12~ Mpc (at &~ 1 A~ Mpc and z = 0.43,

the enclosed mass estimates are unbiased for our chosen fitting range, this corresponds to
Ms00c ~ 10141 -1 M )
c )

The halo mass m20om, NFw from the best-fitting NFW density profile can be used to
obtain unbiased estimates of the true halo mass mogom,true if the concentration—mass
relation is left free. However, for cluster abundance studies, the mass of interest is
not Ma0om,true Of the observed halo, but the halo mass of the equivalent DMO halo,
M200m,dmo- All calibrated fitting functions and emulators of the halo mass function are
obtained from DMO simulations (e.g. Tinker et al., 2008; McClintock et al., 2019b;
Nishimichi et al., 2019; Bocquet et al., 2020), since the matter distribution in hydrody-
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Figure 3.5: The ratio of the 3D enclosed total mass recovered from the best-fitting NFW
profiles to the reduced shear with fixed and free scale radius, 7, to the true mass pro-
file (dashed and dotted lines, respectively) for haloes of different masses at z = 0.43.
The green, shaded region indicates the radial range for the fit. The overdensity radii
r500c corresponding to the true density profiles are indicated with arrows. Fixing the
concentration—mass relation of the NFW profile consistently overestimates (underesti-
mates) the inner (outer) halo mass, where the baryonic mass is lower (higher) than the
NFW prediction. Leaving the concentration of the NFW profile free removes the under-
estimation of the outer halo mass.

namical simulations depends sensitively on the assumed “subgrid” physics recipes re-
quired to model the complex galaxy formation processes (e.g. Velliscig et al., 2014).

We show the ratio magom NFW /M200m,dmo s a function of halo mass msgq. in the
middle panel of Fig. 3.6. We do not show the ratio m.200m true/200m,dmo for the actual
halo mass since it matches the relation for the best-fitting NFW density profile with a free
scale radius (shown as the dotted line) almost exactly (the halo mass magom, NFw 1S nearly
unbiased when the NFW scale radius is left free). The suppression of the true halo mass
with respect to the equivalent DMO halo stems from the missing halo baryons within
T200m,true- FiXing the concentration—mass relation of the NFW density profile (shown
as the dashed line) results in biases similar to leaving the NFW scale radius free, except
for the small modulation due to the mass bias in magom, NFw With respect to 1m200m,true
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Figure 3.6: Top panel: The ratio of the 3D enclosed total overdensity mass, maoom NFW»
inferred from the best-fitting NFW profiles to the reduced shear, to the true halo mass
M200m,true as @ function of mspo.. The dashed and dotted lines show the mass ratio
M200m,NFW / M200m,true fOT the best-fitting NFW density profiles with fixed and free scale
radius for a fitting range of Rg, = [0.75 — 2.5] h~! Mpc, respectively. Fixing the scale
radius results in biased estimates for ma0om,true, l€aving the scale radius free removes
this bias. Middle panel: The ratio of the inferred halo mass m2gom NFw to the equivalent
dark matter-only halo mass m20om,dmo as a function of msgoc. The resulting mass ra-
tios are biased for both mass determination methods, since the missing halo baryons bias
M200m, true With T€Spect to Magom,dmo- Bottom panel: The ratio of the scale radius of the
best-fitting NFW profile to the true dark matter-only NFW scale radius rg gmo. Leaving
the scale radius free results in larger values, since the baryons are less centrally concen-
trated than the dark matter.

(see the top panel of Fig. 3.6). As mentioned earlier, this bias stems from the chosen
radial fitting range for the weak lensing observations. Decreasing (increasing) the inner
fitting radius shifts the crossover between over- and underestimated 1m20gm, true t0 lower
(higher) halo masses and changes the overall amplitude of the bias. Remarkably, for low-
mass haloes (msppe < 10141 -1 M), the overestimation of m2gom, true When fixing the

concentration—mass relation results in a less biased estimate of m200m,dmo. However, we
would preferably not rely on more biased estimates of the true halo mass to obtain less
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biased cosmological parameters.

We find a slightly stronger suppression in the ratio magom,true/200m,dmo 1N OUT
model compared to cosmo-OWLS (for rs free we find > 1 percent suppression for
msooe < 10 h=1 Mg compared to msoe < 10145 h=1 My in Velliscig et al. 2014).
The reason for this is twofold. First, we do not include a stellar component in our
model. Since stars are more centrally concentrated than the hot gas, the NFW fits
in cosmo-OWLS perform slightly better in the inner regions, capturing an extra ~
1percent of the total halo mass there and reducing the mass ratio bias. Second, in
cosmo-OWLS contraction of the dark matter component due to the baryons at these halo
masses slightly reduces the bias since more dark matter mass is included in the central
regions than we are accounting for in Eq. (3.1). However, for msgpc 2 104 A1 Mo,
the dark matter contraction increases the enclosed halo mass ratio mqm, (<7)/Mdmoe(<7)
in Eq. (3.1) by only < 1percent (see fig. 3 of Velliscig et al., 2014). For msgoe <

10'* h~! M, the dark matter actually slightly expands, lowering the dark matter mass
and increasing the bias.

We decided not to include a stellar component or dark matter contraction to keep our
model simple. Moreover, when investigating the impact of the halo mass determination on
the inferred cosmological parameters, lower-mass haloes with mspp. < 101*° A= Mg,
dominate the signal since they are significantly more abundant and hence the fit is more
sensitive to any bias in this mass range. At low masses, all the aforementioned effects
are clearly much less important than the change in halo mass due to the missing halo gas.
Hence, we conclude that our model provides a reasonable estimate of the halo mass bias

induced by the change in halo density profiles due to the presence of baryons.

3.4 Influence on cosmological parameter estimation

In this section we will investigate how the bias in the halo masses inferred from mock
weak lensing observations that we derived in Section 3.3, biases the measurement of
cosmological parameters from a number count analysis of a mock cluster sample.

3.4.1 Mock cluster sample generation

We create a cluster sample by drawing (log; m200m, #) pairs from the Poisson distribu-
tion with mean number density

dN(m,z;€) dVi(z;€) dn(m, z;6)
dlogigmdz Y d2dQ  dlog;ymdz’

(3.20)

with the halo mass function dn/d log;, m dz of Tinker et al. (2008) and the comoving
volume V. (z) for a Planck Collaboration et al. (2020) cosmology with

€ = {Qma va QAa 08, Ns, h}
— {0.315,0.049, 0.685, 0.811, 0.965, 0.674} . (3.21)
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The sky area, Qsurvey, depends on the specific survey. We use the CCL* library to cal-
culate the halo mass function (Chisari et al., 2019). We draw samples from the non-
homogeneous Poisson distribution by thinning the homogeneous expectation on a grid of
(logy M200m, ) bins following the method of Lewis & Shedler (1979).

Since the Tinker et al. (2008) mass function was calibrated on DMO simulations, the
resulting mock cluster sample corresponds to a universe that contains only dark matter. As
we have shown in Section 3.3, however, there is a mismatch between the true halo mass,
M200m,true> and the mass of the equivalent DMO halo, m200m,dmo, due to the ejection of
baryons (see the middle panel of Fig. 3.6). Moreover, the halo masses inferred from mock
weak lensing observations, m20om, NFW, can be biased with respect to the true halo mass
(see the top panel of Fig. 3.6). If these baryonic biases are not taken into account in the
cluster count analysis, the measured cosmological parameters will be biased.

For each DMO halo in the cluster sample, we determine the biased halo mass estimate
of the corresponding halo with baryons, m200m,NFW (712200m,dmo, 2), inferred from the
NFW fits to the mock weak lensing observations with either a fixed or free scale radius in
Section 3.3. We interpolate the relation between the mass of the halo including baryons
and the mass of its equivalent DMO halo, m500c(1200m,dmo> #), from our halo model and
determine the corresponding mass ratio m2oom NFW /M200m,dmo (see the middle panel of
Fig. 3.6 for the ratio at z = 0.43). We will investigate how severely this baryonic mass
bias affects the measured cosmological parameters for stage III and stage IV-like surveys
in Sections 3.4.2 and 3.4.3, respectively.

We start with a best-case scenario, where we have assumed a one-to-one mapping be-
tween the observable mass proxy (e.g. the SZ detection significance) and the halo masses
inferred from weak lensing, i.e. we neglect the measurement uncertainties in the mass es-
timation of individual clusters (we consider a more realistic scenario in Sec. 3.4.3). This
allows us to take the weak lensing inferred halo masses as the starting point of our anal-
ysis. When connecting haloes to their DMO equivalents, we also do not account for the
intrinsic scatter due to the differing mass distributions of individual haloes that arise from
their unique mass accretion histories. We assign the weak lensing inferred halo masses
to the DMO haloes without scatter. This is consistent with our choice in Section 3.2.3,
where we fit to the median halo mass-binned cluster population of REXCESS, neglecting
differences between individual clusters in each mass bin.

Ignoring the mass estimation uncertainty and the intrinsic scatter in the halo popu-
lation would bias the observable—mass relation in an observed cluster sample due to the
preferential scatter of more abundant low-mass haloes into higher mass bins. Hence, in
a full cosmological analysis, converting the observable to the true halo mass requires the
inclusion of the mass estimation uncertainty, and the intrinsic scatter in the halo popula-
tion, while accounting for the change in abundance of clusters as a function of mass and
redshift. This involves a joint fit to the abundance and the observable—mass relation of
the cluster sample as a function of cosmology (see e.g. Bocquet et al., 2019). In the more
realistic scenario in Sec. 3.4.3, we will implicitly assume that the scatter is constrained by
the cluster abundances, so that the precision of cosmological parameter estimation is not
significantly affected by not performing such a joint analysis.

4https://github.com/LSSTDESC/CCL
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3.4.2 Stage Ill-like survey

For a stage IIl-like cluster survey (e.g. SPT or DES; Bocquet et al. 2019 and DES Col-
laboration et al. 2020, respectively), we set the survey area to syrvey = 2500 deg2 to
generate the cluster sample using Eq. (3.20).

We want to quantify the statistical bias and uncertainty of the cosmological parameters
due to the baryonic halo mass bias. Hence, we generate 1000 independent cluster samples
and fit the Maximum A-posteriori Probabilities (MAPs) of the posterior distribution for
each of the halo samples. We follow Cash (1979) and de Haan et al. (2016) and obtain the
posterior distribution for the cosmological parameters 4 = {{)y,, 0s,wo} by sampling
the Poisson likelihood, which is given up to a constant by

dN( ml,zl,‘f) dN(m, z;€)
InL o 2 (Zl T /dm dz dTndZ) , (3.22)

where ¢ runs over the individual clusters in the sample and the integral is performed
between (Zmin = 0.25, M200m,min — 10145 p—1 M@) and (Zmax = 2, M200m,max —
106 A= M,). The lower bounds are set by the sample selection and the upper bounds
are chosen high enough that the integral approaches the limit for z, m — co. We assume
flat prior distributions 2, ~ U(0.1,0.6), og ~ U(0.5,1.1), and wy ~ U(—1.5,—-0.5),
where U(a, b) indicates the uniform distribution between a and b. We fix the remaining
cosmological parameters to the assumed Planck Collaboration et al. (2020) values.

We show the resulting distribution of MAPs in (Qy,, Ss = 05(Qm/0.3)%2, wg) for
each of the different observational mass inferences in Fig. 3.7. The dashed contours show
the unbiased halo sample. For this unbiased sample, all cosmological parameters are
unbiased and we find relative uncertainties of ~ +10 per cent in ,, &~ +0.7 per cent
in Sg, and &~ +16 per cent in wq for a current stage IlI-like cluster survey. The quoted
precision of all parameters underestimates the true uncertainty, since we have performed
an idealized analysis that does not include observational uncertainties or intrinsic scatter
in the derived halo masses, as mentioned before. However, as we have already shown in
Fig. 3.6, the inferred halo masses are biased with respect to the equivalent DMO halo mass
due to the missing halo baryons. Hence, NFW inferred halo masses with fixed and free
scale radii (blue and orange contours, respectively) are both predominantly biased in Sg,
with a median bias and 16th-84th percentile uncertainties of ASg/Ss = 70.023f8:882,
where the negative value indicates that Sg is underestimated. Neither €2,;, nor wg show
a significant bias for the different mass determination methods. We list the cosmological
parameter constraints for both methods in Table 3.1.

The shifts in the cosmological parameters can be understood in the following way. At
a given redshift and for a fixed number count, the mass bias results in an underestimation
of the true halo mass. Hence, the number of clusters assigned to the inferred halo mass
is lower than it should be, since the number density of clusters increases with decreasing
mass. This underestimation is then explained by decreasing the amount of structure in the
Universe, assuming that we are unaware of any mass bias.

In summary, current stage Ill-like cluster abundance surveys with ideal mass esti-
mations would find a biased cosmology (mainly in Sg) due to the mismatch between
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Figure 3.7: The distribution of the maximum a-posteriori probabilities in (2, Sg =
05(Qn/0.3)%2 wp) for 1000 independent stage Ill-like cluster abundance surveys.
Dashed contours show the results for a halo sample with no mass bias. Blue (orange)
contours include a mass bias due to an NFW fit to mock weak lensing observations of
the reduced shear, with a fixed (free) scale radius, 5. Neither 2, nor wq are signifi-
cantly biased due to baryonic effects. Relative constraints on Sg, however, are biased by
—0.023‘_”8:88; (= 3 o) for both fixed and free scale radii in the NFW fit.
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Table 3.1: Inferred median bias and 16th-84th percentile statistical uncertainties of the
individual best-fitting cosmological parameters for the different mass determination for a
stage IlI-like survey with survey area Qgyrvey = 2500 deg2 and limiting redshift and halo
mass (Zmin = 0.25, Zmax = 2, M200m,min = 104> h=1 M,). The columns correspond
to cosmological parameters inferred from cluster samples with halo masses inferred from
weak lensing fits with (a) fixed and (b) free NFW scale radii, and (c) the true cluster
masses.

(B)NFW r, fixed (INFW ry free () true
AQp /O —0.061512 —0.0915-58 0.027915
ASs/Ss —0.02379:007  —0.023+9-997  0.00179:99°
Awg /wo 0.02+9:19 0.09*9-18  _0.03*916

M200m, true aNd M200m,dmo. HOowever, due to the uncertainties induced by the mass esti-
mation, which are larger than the statistical uncertainty of our idealized survey, the bary-
onic mass bias is currently not highly significant. As a reference, the current quoted
uncertainties for SPT (DES; Bocquet et al. 2019 and DES Collaboration et al. 2020, re-
spectively) are +17 (17) per cent in §y,, +3 (6) per cent in Sg (with Ss definitions dif-
fering from ours for both SPT and DES), and 426 (—) per cent in wq (DES does not con-
strain wy ), respectively. These values exceed our statistical uncertainties of 10 per cent,
£0.7 per cent and 16 per cent, respectively. The baryonic bias in the cosmological pa-
rameters that our model predicts corresponds to a statistical significance of 0.50 (0.5 0)
in Q,,0.80 (0.40)in Sg, 0.3 ¢ (=) in wq for the precision of SPT (DES). In Sec. 3.4.3,
we show that the precision of the inferred cosmological parameters is set by the accu-
racy with which the uncertainty in the mass estimation is known. The mass estimation
uncertainty is strongly degenerate with Sg and imposing an uninformative prior on the
uncertainty of individual cluster masses results in a significant decrease in the precision
of the constraint on Sg, in line with the comparison to SPT and DES.

3.4.3 Stage I'V-like survey

For a stage IV-like survey such as Euclid, the survey area increases dramatically to
Qgurvey = 15000 degg. These surveys will generally rely on observed galaxy overden-
sities to detect clusters and will, consequently, have more complex selection functions
that depend on the magnitude limit of the survey (see e.g. Sartoris et al., 2016). We take
a simple mass cut of M200m min = 10'* A~ My and redshift cuts of 2, = 0.1 and
Zmax = 2. Due to the increase in survey area and the decrease in magom,min, the total
number of clusters increases by about two orders of magnitude compared with a stage
[MI-like survey. The Poisson likelihood in Eq. (3.22) becomes intractable, especially if
different mass calibrations are to be included, such as in de Haan et al. (2016). We there-
fore switch to the Gaussian likelihood for bins where the number of observed clusters,
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Figure 3.8: The distribution of the maximum a-posteriori probabilities in (2, Sg =
05(Qn/0.3)%2 wp) for 1000 independent stage IV-like cluster abundance surveys.
Dashed contours show the results for a halo sample with no mass bias. Blue (orange)
contours include a mass bias due to an NFW fit to mock weak lensing observations of
the reduced shear, with a fixed (free) scale radius, rs. Relative constraints on Sg are
very highly biased for both NFW fitting methods to the cluster density profiles including
baryons. Similarly, €2,,, and wy are biased by up to 13 o and 6 o, respectively.
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Nobs(mi, Zj) > 10

(Nobs(mi,zj‘) — N(ml,zj’(g>)2
_ I N(mi, 2 %)
2 )

and we use the Poisson likelihood for the other bins

InL o Z Nobs(mi, z;) In N (my, 2;;6) — N(my, 25, €) (3.24)

mi,25

— lnNobS(m,», ZJ)' y

where (m;, z;) run over the logarithmic bins in magom and the linear bins in z, respec-
tively. We transition at the value Nops(m;, zj) = 10 since Eq. (3.23) is biased with

respect to Eq. (3.24) by a factor of 1 + O(N(;)ls/Q), as worked out by Cash (1979). The
Gaussian likelihood makes it easier to include contributions from the sample variance,
which will also need to be included for the lower-mass haloes probed by stage IV-like
surveys (Hu & Kravtsov, 2003). We have neglected the sample covariance in generating
our halo sample and, hence, we do not include it in our likelihood analysis. We include
the Poisson likelihood for the bins with low number counts since the Gaussian likeli-
hood cannot properly account for the discreteness of the number count data, biasing the
cosmological parameter estimates, as we show in Appendix 3.B. In a more realistic set-
ting, the sample variance should be included in the cluster catalogue generation and the
cluster number count analysis. For stage IV-like surveys with low limiting masses, the
sample variance can dominate the shot noise, increasing the uncertainty on the cluster
number density, which reduces the bias for the bins with low number counts. We choose
40 equally spaced bins between 10g;; M200m,min/(h ™! Mg) = 14.0 and the highest halo
mass present in each cluster sample. For the redshift, we take 8 equally spaced bins for
z € [0.1, 2]. We assume the same priors as we did in Section 3.4.2.

We show the resulting distribution of MAPs for the stage IV-like survey in Fig. 3.8.
The relative uncertainties for the unbiased sample shrink to ~ +1.0 percent in 2,
~ +0.04 per cent in Ss, and ~ £1.5 per cent in wy for a stage IV-like cluster survey.
Again, we stress that we underestimate the true uncertainty, since we do not include any
mass calibration uncertainties. However, in our idealized analysis, the bias from ignoring
baryonic effects in the NFW inferred halo masses becomes catastrophic for Sg, both for
fixed and free scale radii. Moreover, we also find very significant biases of up to 13 ¢ in
Qp, and up to 6 o in wy (for the exact values, see Table 3.2).

However, the statistical precision of the cosmological parameters is overly optimistic
since we neglect any uncertainty on the individual cluster masses inferred, resulting in
extremely significant biases due to baryonic effects. For stage IV-like surveys, the ampli-
tude of the mean observable—mass relation can reach per cent level accuracy due to the
large number of clusters detected (see e.g. Kohlinger et al., 2015). However, the mass
of an individual cluster derived from the survey observable mass proxy will still have an
uncertainty. For an observable with a scatter of +-20 per cent in the distribution P(m|O)
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of the true total halo mass, m, given the observable, O (similarly to the richness, see e.g.
Rykoff & Rozo, 2014; Mantz et al., 2016; Sereno et al., 2020), we expect an uncertainty
of +20 per cent on the inferred masses of an unbiased cluster sample.

In our idealized setting, we know the true underlying halo masses. We mimic the
uncertainty by adding a log-normal scatter of +20 per cent to the true halo masses of
the unbiased cluster samples and to the weak lensing inferred halo masses of the biased
cluster samples. We modify Eq. (3.20) to include an unknown mass uncertainty oiog,, m
for each mass bin ¢, following Lima & Hu (2005)

dNi(m,z;%¢) _ 1dN(m,z %)
dlog;,mdz 2 dlog;ymdz

(erfe(x;) — erfe(witr)), (3.25)

where

obs
_ logyymg™ —logyom

)
[0 2
2Ulogm m

with ¢ and 7 + 1 the edges of mass bin . Adding the observational uncertainty will result
in haloes scattering to different mass bins, with each bin gaining relatively more low-

(3.26)

Ty

Table 3.2: Inferred median bias and 16th-84th percentile statistical uncertainties of the in-
dividual best-fitting cosmological parameters for the different mass determination meth-
ods for a stage IV-like survey with Qgyrvey = 15000 deg2 and (zmin = 0.1, 2max =
2, M200m,min = 1014 p—1 Mg). The rows show cosmological parameters inferred from
cluster samples with halo masses inferred from weak lensing fits with fixed or free
NFW scale radii, and the true cluster masses. The columns show the results for sam-
ples with (a) ideal mass determinations, a mass uncertainty of +20 per cent either (b)
marginalized over o1, ~ N(In1.2,ln1.02), or (c) included with a uniform prior
Olnm ~ U(In1.001,1n 2) in the cosmological parameter estimation.

Mass [per cent] (@)ideal [0] (b)marg. [£20] (©uniform [£20]
uncertainty
NFW Ay /Qm  —0.078%9999 _0.07779:099 —0.05575-01
75 fixed ASg/Ss  —0.029115:0907  —0.029715-0903 —0.04710-559
Awg/wo 0.05515:014 0.047+5:012 0.05510:014
NFW AQu/Qm  —0.11315009  —0.11215:0%9 —0.0761 5009
rs free ASg/Ss  —0.032970000%  —0.033710-0007 —0.0667:904
Awg /wg 0.09175:012 0.08970:01 0.1007001%
true AQy /O —0.050%%%  —0.001F5:003 0.00319:552
ASg/Sg 0.079-500%  —0.000279:959% 0.00115053

Awg /wo 0.001+5:01% 0.002+5-012 0.002+5-012
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mass haloes due to their higher abundance. We assume a uniform distribution for the
mass uncertainty with oiog,  m ~ U(log;q 1.001,log;, 2). In practice, we will have some
prior knowledge of the mass uncertainty of individual clusters. We quantify this effect
by including a cosmological analysis with a marginalization over the mass uncertainty
distribution 015, m ~ N(logyy1.2,10g;,1.02), corresponding to the case where the
mass uncertainty is known to within 2 per cent.

We show the resulting MAPs for the 1000 cluster samples with both an uninformative
prior (dark contours) and a marginalization (light contours) over the individual cluster
mass uncertainty in Fig. 3.9. For the former case, we show the posterior constraints
on o1y 4 (Which equals o10g,  m /log, e, and approximately corresponds to the per cent
error on the halo mass). In the uninformative case, the mass uncertainty is strongly degen-
erate with Sg, since an overestimate (underestimate) of the true uncertainty would result
in more (less) haloes predicted to scatter into higher mass bins. At fixed observed number
count N (m;, z;), this effect is compensated by decreasing (increasing) Ss.

Compared to cluster samples with unbiased masses and no mass estimation uncer-
tainty, we find that the figure of merit (which we take as the inverse of the area enclosed by
95 per cent of the surveys) for cluster samples with unbiased masses and no prior knowl-
edge of the cluster mass uncertainty of 20 per cent (dark, dashed contours), decreases
by factors of 7.1, 1.4, and 7.6 in the (4, Ss), (m, wo) and (Ss, wo) planes, respectively.
Similarly, the 1D marginalized regions containing 68 per cent of the surveys increase by
factors of 1.05, 7.7, and 1.02 for Q,, Ss, and wy, respectively. However, with accu-
rate prior knowledge of the individual cluster mass estimation uncertainty (light, dashed
contours), the inferred cosmological parameters and their precision are fully consistent
with the ideal mass estimation case. This can be seen by comparing the dashed and light
dashed contours from Figs. 3.8 and 3.9, respectively, or by comparing the cosmological
parameter constraints in columns (a) and (b) for the true halo masses in Table 3.2.

We find similar results when comparing the cluster samples that include a baryonic
bias and an uncertainty in the halo mass determination to samples that include the bary-
onic bias but no mass estimation uncertainty. In the case of the uniform prior on oy, .,
(dark, coloured contours), the figure of merit in the (Qy,, Ss), (Qm,wo) and (S, wo)
planes for a weak lensing fit with free (fixed) NFW scale radius, decreases by factors of
11.2 (9.8), 1.7 (1.5), and 9.6 (8.9), respectively. Similarly, the 1D marginalized regions
for Q,, Ss, and wq containing 68 per cent of the surveys, increase by factors of 1.1 (1.1),
10.1 (9.4), and 1 (0.9), respectively. However, if the mass uncertainty is known to within
2 per cent (light, coloured contours), then the ideal case is recovered nearly identically.
This can be seen by comparing the coloured and light coloured contours from Figs. 3.8
and 3.9, respectively, or by comparing the cosmological parameter constraints in columns
(a) and (b) for the NFW fits with fixed and free scale radii in Table 3.2. We note that the
distribution of the MAPs for the cluster samples with a baryonic mass bias do not match
between the informative and uninformative cases. This is because the halo number counts
calculated with Eq. (3.25) do not account for the mass-dependent baryonic bias. Hence,
when leaving the mass uncertainty as a free parameter, a more likely solution is found by
significantly increasing its value from the actual uncertainty, resulting in a decrease in Sg.
This does not happen for the cluster samples without a mass bias.
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Figure 3.9: The marginalized maximum a-posteriori probability density functions for €2y,,,
Sg = 08(Qm/0.3)%2, wg, and o1, ,,, for 1000 independent stage IV-like cluster abundance
surveys with an uncertainty of +20 per cent on the individual cluster masses, assuming a
mixed Gaussian-Poisson likelihood. Dashed contours show the results for a halo sample
with no mass bias. Blue (orange) contours include a mass bias due to an NFW fit to
mock weak lensing observations of the reduced shear, with a fixed (free) scale radius,
rs. Dark contours also sample the individual cluster mass uncertainty oy, .,,, whereas
light contours have marginalized over a Gaussian distribution oy, ., ~ N(In1.2,1n1.02).
Due to the preferential scatter of low-mass haloes into higher mass bins, an underestimate
(overestimate) of oy, ,,, for a fixed true value of o}, ,,, = In 1.02, results in an overestimate
(underestimate) of Sg. Marginalizing over the mass uncertainty recovers the constraints
obtained without mass uncertainty nearly identically.
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Figure 3.10: The marginalized maximum a-posteriori probability density functions for
Qum, Ss = 03(21,/0.3)°2 and wy for 1000 independent stage IV-like cluster abundance
surveys with different mass cuts magom,min and perfect mass determinations. Gray PDFs
show the results for a halo sample with no mass bias. Blue (orange) PDFs include a
mass bias due to baryonic effects resulting from an NFW fit to mock weak lensing ob-
servations of the reduced shear, with a fixed (free) scale radius, rs. The bias in Sg is
reduced by a factor of = 8 if the mass cut is increased from m2pom, min = 1014 p—1 Mg
t0 M200m, min = 10145 p—1 Mg, but is still highly significant, while the bias in €2, and
wo is reduced to within 2.50.

Any bias in the cosmological parameters can be reduced at the expense of a larger un-
certainty by increasing the mass cut of the cluster sample. We show the marginalized 1D
probability density functions for the cosmological parameters for cluster samples without
mass uncertainties using different limiting masses in Fig. 3.10. Increasing the mass cut
from maoom min = 10 A~ Mg t0 m200m min = 105 h=1 M, reduces the bias in Sg
by a factor ~ 8 to 10 o, while the bias in (2, and wy is reduced to within 2.5 0. However,
this increase in the mass cut comes at the expense of a large increase of the statistical
errors.

In reality, there will be extra uncertainties due to the photometric redshift estimation
of the clusters and the lensed source galaxies, which will scatter clusters between redshift
and mass bins. Moreover, the mass uncertainty is a combination of observational system-
atic uncertainties that evolve differently with mass and redshift (Kohlinger et al., 2015).
We have shown that the precision of the inferred cosmological parameters will ultimately
be set by the accuracy with which the mass uncertainty of individual cluster masses can
be determined. The accuracy of the inferred cosmological parameters will depend on how
accurately the bias between the inferred halo masses and the equivalent DMO halo masses
can be determined.

Our results clearly indicate the need for more advanced mass inference methods from
weak lensing observations and a better calibration between the observed and theoretical
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halo masses. Under our assumption that the dark matter distribution is not significantly
affected by the presence of baryons, it is possible to obtain unbiased halo mass estimates.
This suggests that combining measurements of the total and baryonic halo mass, through,
e.g., combined weak lensing and X-ray or SZ observations, respectively, would provide
significantly less biased mass estimates of the dark matter mass and hence, after scaling by
the universal baryon fraction, of the equivalent DMO halo. In Section 3.5, we explore the
possibility of using aperture masses, which are less sensitive to the assumed halo density
profile.

3.5 Aperture masses

In Section 3.3, we found that we cannot infer unbiased equivalent DMO halo masses from
mock weak lensing observations, even when the inferred total halo mass is unbiased. This
follows from the deviation of the baryonic component from the assumed NFW density
profile and the fact that the baryon fraction is smaller than the universal value in the radial
range of the weak lensing observations.

It might be necessary to rethink how we link observed haloes to the theoretical halo
mass function, since this is the main baryonic uncertainty. Preferably, the inferred halo
masses should differ as little as possible from their equivalent DMO haloes. It has been
shown by Herbonnet et al. (2020) that projected halo masses derived from a weak lensing
analysis capture the true projected halo mass more accurately than deprojected methods
can. The aperture mass is a powerful tool, because it can be computed directly from the
data under minimal assumptions about the halo density profile (see e.g. Clowe et al., 1998;
Hoekstra et al., 2015). Moreover, we would expect the mass enclosed in a sufficiently
large aperture to converge to the equivalent DMO halo mass as long as a larger fraction
of the cosmic baryons is included for a larger aperture.

We have performed aperture mass measurements of our mock weak lensing data in the
following way. First, we convert the reduced shear to the tangential shear, assuming the
best-fitting NFW density profile with a fixed or free scale radius, to compute knpw (R)

’)/T(R) = (1 — HNF\N(R))QT(R) . (327)

Here, the difference between xxrw (R) and the true convergence is < 2 per cent over
the radial range of the observations, resulting in negligible error due to the wrong density
profile assumption. Then, we compute the aperture mass using the statistic introduced by
Clowe et al. (1998)

CC(Rl) = R(R<R1) - R(R2 <R < RmaX)

R Rumax
2
= 2/<7T>dlnR+ % / <’}/T>dth, (3.28)
Ry Ro

where (1) is the azimuthally averaged tangential shear, for which we use the tangential
shear from Eq. (3.27), derived from mock weak lensing observations of the reduced shear.
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Figure 3.11: Top panel: The ratio of the total aperture mass within R < 1.5k~ Mpc
derived from mock weak lensing observations, to the true aperture mass. The coloured,
dashed and dotted lines show the ratio of the aperture masses inferred for the best-fitting
NFW density profiles, with fixed and free scale radius, respectively, to the true aperture
mass using the statistic from Eq. (3.29). The gray dashed and dotted lines show the ratio of
the measured and true deprojected masses, M200m,NFW /7200m, true, fOr the same NFW
fits. For the aperture masses, there is practically no difference between using a fixed
or free NFW scale radius, indicating insensitivity to the assumed density profile. The
derived aperture mass is within 1 per cent of the true aperture mass for all halo masses.
Bottom panel: The ratio of the total aperture mass within R < 1.5 A~ Mpc derived from
mock weak lensing observations, to the same aperture mass of the equivalent DMO halo.
Line styles are the same as in the top panel. The ratio of the true to the equivalent DMO
halo aperture mass is shown as the solid, black line. The aperture masses are less biased
with respect to the equivalent DMO mass than the deprojected masses, maogom, Which are
shown as the gray lines.



Baryons bias cluster cosmology 115

The aperture mass is then given by
M(R<R;) = TR*Sit (C(R1) + R(Ry < R < Rax)) (3.29)

where we can use the best-fitting NFW profile to determine #(R2 < R < Ryax), which
is a small correction that again differs negligibly from the true convergence profile due to
the NFW assumption. The aperture masses inferred from the above equations recover the
true projected halo mass at sub-per cent accuracy over the entire mass range, as we show
in the top panel of Fig. 3.11. Aperture masses are thus a very accurate measure of the
true enclosed halo mass, more so due to the fact that they depend so little on assumptions
about the underlying true density profile.

However, the problem of linking the observed haloes to their equivalent DMO coun-
terparts still remains, although it is slightly alleviated. In the bottom panel of Fig. 3.11,
we show the ratio of the aperture masses from mock weak lensing observations within
a fixed aperture of R < 1.5h~! Mpc to the mass of the equivalent DMO halo within
the same aperture. We choose this aperture size since it is within the range of our mock
weak lensing observations in Section 3.3 and it is larger than the fixed overdensity ra-
dius 7200m for haloes with mspp. < 1045 h=1 Mg, for which rogom(z = 0.43) =~
1.3 h~! Mpe, resulting in a larger fraction of the universal baryons within it for these
abundant haloes. We choose the outer annulus for the correction factor in Eq. (3.28) be-
tween Ry = 2.4h~! Mpc and Ry = 2.5 h~! Mpc such that the NFW correction term
is small compared to (.. Aperture masses perform better at recovering the mass of the
linked DMO halo than the deprojected NFW masses in Sec. 3.3 as long as R; 2 7200ms,
i.e. for all haloes with ms00. < 4 x 10 h~' Mg at z = 0.43, as can be seen from
the comparison of the coloured dashed and dotted lines with the gray lines in the bottom
panel of Fig. 3.11. This follows from the fact that the halo baryon fractions converge to
the cosmic value in the cluster outskirts. This is one of our main conclusions: to link
observed haloes to their DMO equivalents, we need to make sure that we are accounting
for the ejected baryons. Otherwise, any mass estimate, while not necessarily biased with
respect to the true halo mass, will be biased with respect to the equivalent DMO halo
mass. It is this latter bias that is fatal for accurate cluster cosmology.

The fact that the statistic in Eq. (3.29) is practically unbiased with respect to the true
aperture mass, regardless of the assumed density profile, makes it an appealing alternative
to the deprojected mass determination methods. The problem of calibrating the observed
halo masses to their equivalent DMO counterparts, while alleviated, still remains. Since
there are so far no theoretical calibrations for the halo aperture mass function, we do not
check the performance of the aperture mass determinations for cluster cosmology.

3.6 Discussion

We have introduced a phenomenological model that reproduces the baryon content in-
ferred from the X-ray surface brightness profiles of the average observed cluster popu-
lation in the REXCESS survey. We have shown how we can include observed baryonic
density profiles in a halo model, while ensuring that the halo baryon fraction converges
to the cosmic value in the halo outskirts, by fitting the inferred radial halo baryon fraction
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with the correct asymptotic value. By assuming that baryons do not significantly alter the
distribution of the dark matter, we were able to link observed haloes to their equivalent
haloes in a DMO universe, which allowed us to predict their number density. Then, we
performed mock weak lensing observations to quantify the effect of the changing halo
density profile due to the ejection of baryons on the inferred halo masses. Finally, we
investigated the bias due to baryons in the measured cosmological parameters from a
number count analysis of a mock cluster sample with masses inferred from weak lensing
observations. We have justified that our simplifications result in robust lower bounds on
the amplitude of the shift due to baryons of both cluster masses and cosmological param-
eters from an idealized cluster count cosmology analysis. The survey-specific systematic
uncertainties set the statistical significance of these shifts. We have shown that the bary-
onic bias in the cosmological parameters is highly significant even when not including
prior knowledge of the uncertainty in the cluster mass inferred from an observable mass
proxy. Now we situate our results in the wider context of the literature.
Balaguera-Antolinez & Porciani (2013) studied the effect of baryons on the cosmo-
logical parameters inferred from cluster counts. They used the observed baryon fractions
of clusters to infer their equivalent DMO halo masses, similarly to our method. They
also find significant biases in the inferred cosmological parameters, mainly a strong sup-
pression in €2, and a slight increase in og (the exact bias in og depends on their chosen
cluster baryon fraction relation). The amplitude and direction of the bias differ from
ours as Balaguera-Antolinez & Porciani (2013) use a single, smaller mock cluster sample
(= 2.8 x 10* clusters compared to ~ 1.7 x 10°) that spans a lower redshift range and they
did not include the effect of baryons on the cluster weak lensing mass determinations.
Previously, weak lensing mass determinations have been studied in both DMO (e.g.
Bahé et al., 2012) and hydrodynamical simulations (e.g. Henson et al., 2017; Lee et al.,
2018). While Bahé et al. (2012) and Henson et al. (2017) find different values for the
mass bias, i.e. ~ 5percent and ~ 10 per cent, respectively, they both conclude that
these biases result from fitting complex, asymmetric clusters with idealized NFW pro-
files. (Importantly, these analyses leave the concentration free, which is not the case in
most observational analyses.) If this is the case, then we could reduce the weak lensing
mass bias by performing a stacked analysis, if we have an unbiased cluster sample. Or,
since Henson et al. (2017) find a similar bias at fixed halo mass for haloes in both hydro-
dynamical and DMO simulations (see the top panel of their fig. 11), it seems feasible to
model the mass bias due to triaxiality, substructures and departures from the NFW shape,
by performing mock observations of DMO haloes (as in e.g. Dietrich et al., 2019). How-
ever, we have shown, as has also been pointed out by Lee et al. (2018), that the distribution
of observed cluster baryons implies an intrinsic difference in the density profiles between
observed clusters and their DMO equivalents that cannot be captured when assuming a
fixed concentration—mass relation. Hence, the inferred halo masses would still be biased,
even when accounting for the bias due to halo asymmetry. We found that leaving the con-
centration of the haloes free mitigates this baryonic mass bias, as was also shown in Lee
et al. (2018). However, we showed that the bias in the measured cosmological parame-
ters from a cluster count analysis actually increases when leaving the concentration—mass
relation free in the weak lensing analysis. This is because low-mass cluster masses are
overestimated when fixing the concentration—mass relation, which compensates for some
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of the missing baryons and thus reduces the bias with respect to the equivalent DMO halo
mass for these abundant clusters.

For cluster cosmology, the vital part is then linking these inferred cluster masses
to the equivalent DMO haloes whose number counts we can predict, as argued by Cui
et al. (2014), Cusworth et al. (2014) and Velliscig et al. (2014). In the cosmo-OWLS
simulations, Velliscig et al. (2014) found differences of < 1percent between clus-
ter masses in the hydrodynamical and DMO simulations for clusters with ms5g0. 2
10**5h=1 M. In our model, we only find such small biases for haloes with masses
msooe = 10 A~ M. As discussed previously, if we optimistically assume that the
predictions from cosmo-OWLS are correct, then this difference could be due to our ne-
glect of the back-reaction of the baryons on the dark matter, and the stellar component.
However, for low-mass haloes (ms00. < 10*45 h=! M), which will dominate the signal
for stage I'V-like surveys, these effects are negligible compared to the mass suppression
due to the missing baryons.

Using the Magneticum simulation set, Bocquet et al. (2016) and Castro et al. (2020)
studied the change in the halo mass function due to baryons and its impact on cluster
cosmology. Bocquet et al. (2016) performed a cluster count analysis using halo mass
functions calibrated on DMO simulations, to measure the cosmological parameters from
a cluster sample generated from the halo mass function of their hydrodynamical simula-
tion. They did not find significant biases for stage IlI-like surveys, but their shifts in Q,
and Sg for an eROSITA-like survey are qualitatively similar to our stage IV-like survey
predictions. The difference for the stage IlI-like surveys could be caused by a smaller
mismatch between the halo masses in their hydrodynamical and DMO simulations than
we infer from observations.

Castro et al. (2020) made Fisher forecasts for a joint cluster number count and clus-
tering analysis of a Euclid-like survey using the baryonic and DMO halo mass functions
in the Magneticum simulations. They confirmed that correcting for the baryonic mass
bias brings the different halo mass functions into closer agreement. However, they find
less significant baryonic mass suppression than we do. The resulting biases in the cos-
mological parameters are significantly smaller than what we find. This difference is most
likely caused by both the lower baryonic mass suppression in Magneticum and a different
sample selection. We have chosen a minimum redshift z,,;,, = 0.1 and a constant limiting
mass cut of magom,min = 10 h~1 Mg, whereas Castro et al. (2020) use zpi, = 0.2 and
a redshift-dependent mass threshold varying around magoc min &~ 10'* A= Mg, within
0.1 dex (see their fig. 13). Consequently, our sample includes more low-mass clusters
which increases the statistical significance of the bias (as we show in Fig. 3.10).

An important difference between our work and previous work is that we have used a
phenomenological model that reproduces the observed baryon content of clusters. Hence,
we do not suffer from the uncertainty related to the assumed subgrid models in hydrody-
namical simulations. We only rely on the fact that hydrodynamical simulations imply
that the baryonic mass suppression of matched haloes explains the difference between
their halo mass function and that derived from DMO simulations. All in all, even though
the exact value of the baryonic mass bias between observed and equivalent DMO halo
masses, and, consequently, the halo mass function, can differ by up to a few per cent de-
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pending on which simulations or observations are used, the general behaviour is the same
and implies the need to account for baryonic effects in cluster count cosmology.

3.7 Conclusions

We set out to investigate the implications for cluster count cosmology of the disconnect
between the robust theoretical understanding of cluster-sized (mspoc > 1014 p—1 Mg)
dark matter-only haloes and the observed cluster population, an issue which was pointed
out by Cui et al. (2014), Cusworth et al. (2014), and Velliscig et al. (2014). They found
that in hydrodynamical simulations, there is a significant mismatch between the enclosed
halo masses at fixed radius that is determined by the halo baryon fraction. We study how
the change in the halo density profiles due to the observed distribution of baryons affects
the estimated masses from mock weak lensing observations and the resulting cosmologi-
cal parameters from a cluster number count analysis.

Our model relies on X-ray observations from the REXCESS data (Croston et al., 2008)
to constrain the baryonic density profile of cluster-mass haloes. Under the assumption that
the dark matter density profile does not change significantly in the presence of baryons,
we can link observed haloes to their DMO equivalents. The distribution of a fraction of the
DMO halo mass, i.e. the cosmic baryon fraction, will change in the observed halo. Once
this link has been established, we can study the change resulting from this baryonic mass
bias in cosmological parameters inferred from a number count analysis. We showed that
the currently standard weak lensing mass calibrations that assume NFW density profiles
and a fixed concentration—mass relation from DMO simulations, are inherently biased for
cluster-mass haloes. Fixing the concentration of the halo results in underestimated halo
masses since baryons are ejected beyond the typical radial range that the weak lensing
observations are sensitive to. The density profile is fit out to radii where baryons are
missing and is not flexible enough to capture the increase in baryonic mass towards larger
radii. However, we showed that there is enough freedom in the NFW density profile to
provide unbiased halo mass estimates if the concentration is left free (see Fig. 3.5), in
agreement with Lee et al. (2018).

However, even unbiased total halo masses result in biased cosmological parameter
estimates because of the mismatch between the observed haloes and their DMO equiv-
alents due to ejected baryons (see the middle panel of Fig. 3.6). This is the dominant
baryonic bias. A fiducial weak lensing analysis with fixed concentration—mass relation
for a stage I'V-like survey would result in highly significantly biased estimates of the cos-
mological parameters, underestimating {2, and Sg by up to 9o and 76 o, respectively,
and overestimating wg by 3.5 0 (see Fig. 3.8 and Table 3.2 for the exact values of the
bias). Although leaving the concentration—mass relation free in the weak lensing analy-
sis decreases the bias in the total mass, it actually increases the bias in the cosmological
parameters to 13 o, 82 ¢ and 6 o, respectively. This is because the masses of low-mass
clusters are overestimated when fixing the concentration—mass relation, which results in
a smaller bias compared to the equivalent DMO mass.

We showed that including a constant uncertainty of £20 per cent in the individual,
unbiased cluster masses only reduces the precision of the inferred cosmological param-
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eters if the mass uncertainty itself is not accurately determined. An uninformative prior
on the mass uncertainty decreases the precision of ,,, Ss, and wq by factors of 1.05,
7.8, and 1.02, respectively. However, assuming the mass uncertainty of individual clus-
ters is known to within £2 per cent results in constraints that are nearly identical to those
derived from ideal cluster masses (see Fig. 3.9 and Table 3.2).

The picture changes slightly for cluster samples that include the baryonic mass bias.
To quantify how neglecting the baryonic mass bias affects the inferred cosmological pa-
rameters, we do not account for the mass-dependent baryonic bias when fitting the cluster
number counts. Since the model without prior knowledge of the mass uncertainty can
vary the mass uncertainty as well as the cosmological parameters, the best-fitting param-
eters differ between the cases with and without prior knowledge of the mass uncertainty.
The uninformative prior on the mass uncertainty decreases the precision of 2, Ss, and
wo by factors of up to 1.1, 10.7, and 1.02, respectively. Knowing the mass uncertainty
to within 42 per cent again results in constraints that cannot be distinguished from those
derived from ideal cluster masses (see Fig. 3.9 and Table 3.2). The baryonic bias is thus
highly statistically significant, even in the presence of mass estimation uncertainties. The
accuracy of the cosmological parameters inferred from cluster number counts depends on
how accurately inferred halo masses can be linked to their equivalent DMO halo masses.
The precision of the cosmological parameter estimates is determined by how accurately
the individual cluster mass estimation uncertainty is known.

For stage Ill-like surveys and assuming a fixed (free) concentration—mass relation,
we found biases of ~ 0.6 (0.90), 30 (30) and 0.1 (0.50) in ,,, Ss, and wg, re-
spectively, again, assuming ideal cluster mass estimations (see Fig. 3.7 and Table 3.1).
However, we stressed that the uncertainties induced by the mass estimation for current
stage IlI-like surveys exceed the statistical uncertainty of our idealized survey.

We also measured aperture masses, since they are expected to provide less biased es-
timates of the total projected mass than deprojected mass estimates, independently of the
assumed density profile of the cluster (see the top panel of Fig. 3.11) and they are more
closely related to the actual weak lensing observable (e.g. Clowe et al., 1998; Herbonnet
et al., 2020). However, even though it is slightly alleviated, the problem of linking ob-
served haloes to their DMO equivalents remains (see the middle panel of Fig. 3.11). We
expect the total projected mass to approach the projected DMO mass at large radii (van
Daalen et al., 2014). One problem is that correlated large-scale structure becomes impor-
tant near the cluster virial radius (e.g. Oguri & Hamana, 2011), which requires accurate
modelling of the cluster-mass halo bias. We did not include this effect in our model.
Using aperture mass estimates would also require a recalibration of halo mass function
predictions to this observable.

Any attempt to use clusters for cosmology will need to include a robust method for
linking observed haloes to their DMO equivalents. A joint approach, combining weak
lensing observations with, for example, hot gas density profiles from from X-ray tele-
scopes like eROSITA—and, in the future, Athena—and/or SZ observations would allow
the reconstruction of the cluster dark matter mass, which has already been shown to be
much less biased with respect to the equivalent DMO halo mass (Velliscig et al., 2014).
This is an essential avenue to be explored. If we cannot robustly establish the link to
DMO haloes, we cannot obtain unbiased cosmological parameters.
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Data availability

The 1000 mock cluster samples for the stage IlI-like cluster survey and the MAPs for
both the stage III and stage IV-like surveys are publically available through Zenodo at
10.5281/zenodo.4469436. The stage IV-like mock cluster samples can be obtained upon
request since they exceed the file size limit of Zenodo. The code for the analysis is
available at https://github.com/StijnDebackere/lensing_haloes/.


https://zenodo.org/record/4469436
https://github.com/StijnDebackere/lensing_haloes/
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Figure 3.12: The best-fitting log,(7t/7500c) and « values for the REXCESS clus-
ters, self-similarly rescaled to different redshifts (coloured points), their median, mass-
binned values (black lines) and the best-fitting linear relations from Eqgs. (3.11) & (3.12)
(coloured lines). The median relation is captured well with the linear model for each red-
shift. There are some outliers (red outlined markers), whose density profiles are shown in
Fig. 3.13.

3.A Model fits

Fig. 3.12 shows the best-fitting 7+ (m500c, 2) and a(msooc, 2) for the radial baryon fraction
fits (Eq. 3.9) to each cluster in the REXCESS data, self-similarly scaled to the indicated
redshifts. We also show the results for the binned clusters as the black lines, and the best-
fitting linear relations, following Egs. (3.11) & (3.12), as the coloured lines. Most of the
clusters are described quite well by the best-fitting relations. In Fig. 3.13, we show the
outliers (marked in red in Fig. 3.12) with |A log (7t /7500c)/ 10810 (7t/T500¢)| > 1.5 and
|Aa/a| > 1.5. All these clusters have a high central density core that cannot be captured
by our monotonic relation for the baryon fraction (Eq. 3.9). These clusters would be better
described by, for example, a double beta profile fit. However, these are only 6 out of the
total of 31 clusters, spanning the entire mass range. Hence, they do not bias the median
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Figure 3.13: Top panel: The density profiles of the clusters that are outliers to our best-
fitting relations for log; (¢ /7500c) and . Bottom panel: The ratio between the observed
hot gas density profiles and our best-fitting model. The outliers cannot be accurately
described by our simple monotonic increase in the baryon fraction because they have a
high density core.

mass-binned cluster profiles.

3.B Mixed likelihood

In Fig. 3.14 we show the difference in cosmological parameter constraints for a stage IV-
like cluster abundance survey when using a pure Gaussian likelihood, i.e. Eq. (3.23), ver-
sus the mixed Gaussian-Poisson likelihood that uses Eq. (3.24) for bins with Nops (1, 2;) <
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Figure 3.14: The marginalized maximum a-posteriori probability density functions for
Qum, Ss = 03(21,/0.3)°2 and wy for 1000 independent stage IV-like cluster abundance
surveys assuming a Gaussian likelihood (lightly shaded contours), or a mixed Gaussian-
Poisson likelihood (darkly shaded contours). Gray PDFs show the results for a halo sam-
ple with no mass bias. Blue (orange) PDFs include a mass bias due to an NFW fit with
a fixed (free) scale radius, rs. The Gaussian likelihood biases €2, (wg) towards higher
(lower) values.

10. The Gaussian likelihood cannot deal with the discreteness of the number counts at
high redshift and high halo masses. The absence of clusters in these bins pushes the
theoretical prediction of the halo mass function towards lower values in the Gaussian
likelihood. Meanwhile, the number counts for low-mass haloes, which are more abun-
dant and thus better described by the Gaussian likelihood, need to remain the same. For
the mass cut Mmagom min = 10** h~1 Mg, the lower number counts for high-mass haloes
are achieved by decreasing w and increasing €, in such a way that the decrease in num-
ber counts for low-mass haloes due to wy is offset by the increase due to 2,,. Sg seems
unaffected by the choice in likelihood. The mixed Gaussian-Poisson likelihood results in
unbiased cosmological parameter estimates.
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