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ABSTRACT

For precision cosmological studies it is important to know the local properties of the reference point from which we observe the
Universe. Particularly for the determination of the Hubble constant with low-redshift distance indicators, the values observed depend
on the average matter density within the distance range covered. In this study we used the spatial distribution of galaxy clusters to
map the matter density distribution in the local Universe. The study is based on our CLASSIX galaxy cluster survey, which is highly
complete and well characterised, where galaxy clusters are detected by their X-ray emission. In total, 1653 galaxy clusters outside the
“zone of avoidance” fulfil the selection criteria and are involved in this study. We find a local underdensity in the cluster distribution of
about 30—-60% which extends about 85 Mpc to the north and ~170 Mpc to the south. We study the density distribution as a function of
redshift in detail in several regions in the sky. For three regions for which the galaxy density distribution has previously been studied,
we find good agreement between the density distribution of clusters and galaxies. Correcting for the bias in the cluster distribution we
infer an underdensity in the matter distribution of about —30 + 15% (-20 + 10%) in a region with a radius of about 100 (~140) Mpc.
Calculating the probability of finding such an underdensity through structure formation theory in a ACDM universe with concordance
cosmological parameters, we find a probability characterised by o-values of 1.3—3.7. This indicates low probabilities, but with values
of around 10% at the lower uncertainty limit, the existence of an underdensity cannot be ruled out. Inside this underdensity, the
observed Hubble parameter will be larger by about 5.53:;%, which explains part of the discrepancy between the locally measured
value of Hy compared to the value of the Hubble parameter inferred from the Planck observations of cosmic microwave background

anisotropies. If distance indicators outside the local underdensity are included, as in many modern analyses, this effect is diluted.
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1. Introduction

As an integral part of the cosmic large-scale structure, galaxy
clusters are reliable tracers of the underlying dark matter distri-
bution. Since they form the largest peaks in the initially random
Gaussian density fluctuation field, their density distribution can
be statistically closely related to the matter density distribution
(e.g. Bardeen et al. 1986). Cosmic structure formation theory has
shown that the ratio of the cluster density fluctuation amplitude
is biased with respect to the matter density fluctuations in the
sense that the cluster density fluctuations have a larger variance.
The ratio of the rms amplitude of the cluster density to that of
the dark matter, which is referred to as bias, is practically inde-
pendent of scale (e.g. Kaiser 1986; Mo & White 1996; Sheth &
Tormen 1999; Tinker et al. 2010).

We have already found good observational support for this
concept with our galaxy cluster surveys (Bohringer & Huchra
2000; Bohringer et al. 2004, 2013, 2017a). We showed that
the density fluctuation power spectrum of galaxy clusters is an
amplified version of the power spectrum of galaxies and of the
inferred power spectrum of the underlying dark matter distribu-
tion, where the bias is dependent on the lower cluster mass limit
exactly as predicted from theory (Balaguera-Antolinez et al.
2010, 2011). We further demonstrated with simulations that the

* Based on observations at the European Southern Observatory La
Silla, Chile and the German-Spanish Observatory at Calar Alto.

cluster density in local overdensities follows the matter distri-
bution. This was shown with superstes-clusters, superclusters
that were constructed such that they would collapse in the future
(Chon et al. 2015).

In this paper we exploit this property of galaxy clusters to
study the matter density distribution in the local Universe. For
the study we used our CLASSIX (Cosmic Large-Scale Struc-
ture in X-rays) galaxy cluster survey, the combination of the
REFLEX and NORAS surveys (Bohringer & Huchra 2000;
Bohringer et al. 2004, 2013, 2017a), plus an extension into the
“zone of avoidance”. This data set constitutes the most complete
and well characterised galaxy cluster sample in the nearby Uni-
verse allowing a sufficiently dense sampling of the clusters to
map the cluster density distribution.

There has been increasing interest in understanding the den-
sity distribution in the local Universe, because the properties of
the local reference point from which we observe the Universe
are important for conducting cosmological precision measure-
ments. This is most apparent for measurements of the Hubble
constant performed with local distance standards. Historically,
when evidence for an accelerating universe came from observa-
tions of distant type Ia supernovae (SNIa; Perlmutter et al. 1999;
Schmidt et al. 1998), models with local voids were considered
as an alternative explanation of the SN data without dark energy
or a cosmological constant (e.g. Célérier 2000; Tomita 2000,
2001; Alexander et al. 2009; February et al. 2010 and references
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therein). A minimum void model would require a void size of
at least about 200 hféo Mpc with a mean mass density deficiency
of ~40% to explain the SN data in a universe without a cosmo-
logical constant (e.g. Alexander et al. 2009). Today, with more
precise SN data filling the redshift range very densely, this void
model mimicking an accelerated universe can be ruled out (e.g.
Kenworthy et al. 2019). Such void models have also been crit-
ically discussed by Moss et al. (2011) and Marra et al. (2013).
In addition, our previous study on the cluster distribution in the
REFLEX II survey ruled out such a large spherical local void
(Bohringer et al. 2015).

The debate over the discrepancy between the Hubble con-
stant measured locally of about 74.0 (+1.4)kms~! Mpc™! (e.g.
Riess et al. 2018a,b, 2019) and the value inferred from the Planck
survey of 67.4 (+0.5)kms~! Mpc~! (Planck Collaboration XIII
2016; Planck Collaboration VI 2019) has kept alive the discus-
sion about a local underdensity (e.g. Riess et al. 2018b, 2019;
Shanks et al. 2019a,b). If our local cosmic neighbourhood has
less than the mean cosmic density, then the Hubble constant
observed locally is larger than that measured on large scale.

Different tracers have been used to study the local density
distribution. Using SNIa, Zehavi et al. (1998) and Jha et al.
(2007) claimed the detection of a local underdensity, while
Hudson et al. (2004) and Conley et al. (2007) do not find such
evidence. Giovanelli et al. (1999) characterised the local Hubble
flow out to 200 4~! Mpc with galaxy clusters and find hardly
any variations. Huang et al. (1997), Frith et al. (2003, 20006),
Busswell et al. (2004), and Keenan et al. (2013) found a local
underdensity in the galaxy distribution. In a more recent study
Whitbourn & Shanks (2014) traced the galaxy distribution in
three larger regions, in the South Galactic Cap (SGC), the south-
ern part of the North Galactic Cap (NGC), and the northern
part of the NGC using 2MASS K-band magnitudes in connec-
tion with 6dFRGS, GAMA, and SDSS spectroscopic data out to
z = 0.1. They find a large underdense region with a deficit of
about 40% inside a radius of 150 4~! Mpc in the SGC, no deficit
in the southern part of the NGC, and a less pronounced under-
density in the NGC north of the equator.

While most of these studies cover only a limited region of
the sky, CLASSIX allows us to study the local density distribu-
tion over most of the sky area. In our previous study based on
the REFLEX II survey we found evidence for a southern under-
density out to about 170 Mpc (Bohringer et al. 2015). Here we
studied the entire extragalactic sky to investigate the local den-
sity distribution. We also explore the diagnostics and systematic
errors in more detail.

The paper is organised as follows. In Sect. 2 we give a brief
description of the survey and its characteristics and explain our
method in Sect. 3. In Sect. 4.1 we explore the local underdensity
monopole, show results for different hemispheres in Sect. 4.2,
and for particular regions in Sect. 4.4. In Sect. 4.3 we study
cumulative density distributions of clusters and derive the dis-
tribution of matter. We discuss the results in Sects. 5 and 6 pro-
vides a summary and conclusion. Several technical points are
explained in the appendix. For the determination of all parame-
ters that depend on distance we use a flat ACDM cosmology with
the parameters Hy = 70kms™' Mpc~! and Q,, = 0.3. Exceptions
are results quoted from the literature, for which the scaling is
given explicitly.

2. The CLASSIX galaxy cluster survey

This study requires a cluster sample that traces the local Uni-
verse sufficiently densely, is statistically highly complete, and
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has a well-known selection function. The best data base is at
this moment our CLASSIX galaxy cluster catalogue (Bohringer
et al. 2016). It is the combination of our surveys in the southern
sky, REFLEX II (Bohringer et al. 2013), and the northern hemi-
sphere, NORAS II (Bohringer et al. 2017a). Together they cover
8.26 ster of the sky at Galactic latitudes |by| > 20° and the cluster
catalogue contains 1773 members (of which 1653 are used here).
In this study we did not excise the regions of the Magellanic
Clouds or the VIRGO cluster (except when explicitly noted). In
the completed survey we find no significant deficit in the cluster
density in these sky areas. We also use an extension of CLAS-
SIX to lower Galactic latitudes into the zone of avoidance. This
region is restricted to the area with an interstellar hydrogen col-
umn density ny < 2.5%10%' cm2, because in regions with higher
column density, X-rays are strongly absorbed and the sky usually
has a high stellar density, making the detection of clusters in the
optical extremely difficult. The values for the interstellar hydro-
gen column density are taken from the 21 cm survey of Dickey
& Lockman (1990)'. This area amounts to another 2.56 ster and
altogether the survey data cover 86.2% of the sky. The spectro-
scopic follow-up to obtain redshifts for this part of the survey is
only about 70% complete and furthermore the completeness of
the cluster sample is not as high as for REFLEX and NORAS.
The cluster density we show for the zone of avoidance is there-
fore a lower limit.

The CLASSIX galaxy cluster survey and its extension is
based on the X-ray detection of galaxy clusters in the ROSAT
All-Sky Survey (RASS, Trimper 1993; Voges et al. 1999). The
source detection for the survey, the construction of the survey,
and the survey selection function as well as tests of the com-
pleteness of the survey are described in Bohringer et al. (2013,
2017a). In summary, the nominal unabsorbed flux limit for the
galaxy cluster detection in the RASS is 1.8 x 1072 ergs~! cm™
in the 0.1-2.4 keV energy band. For the assessment of the large-
scale structure in this paper we apply an additional cut on the
minimum number of detected source photons of 20 counts. This
has the effect that the nominal flux limit quoted above is only
reached in about 80% of the survey. In regions with lower expo-
sure and higher interstellar absorption, the flux limit is accord-
ingly higher (see Fig. 11 in Bohringer et al. 2013 and Fig. 5 in
Bohringer et al. 2017a). This effect is modelled and taken into
account in the survey selection function.

We have already demonstrated with the REFLEX I sur-
vey (Bohringer et al. 2004) that clusters provide a precise
means to obtain a census of the cosmic large-scale matter dis-
tribution through for example the correlation function (Collins
et al. 2000), the power spectrum (Schuecker et al. 2001, 2002,
2003a,b), Minkowski functionals, (Kerscher et al. 2001), and,
using REFLEX II, with the study of superclusters (Chon &
Bohringer 2013; Chon et al. 2014) and the cluster power spec-
trum (Balaguera-Antolinez et al. 2011, 2012). The fact that clus-
ters follow the large-scale matter distribution in a biased way as
mentioned above, is a valuable advantage, which makes it easier
to detect local density variations.

Relevant physical parameters for clusters were determined
in the following way. X-ray luminosities in the 0.1-2.4keV

! 'We compared the interstellar hydrogen column density compilation
by Dickey & Lockman (1990) with the more recent data set of the Bonn-
Leiden-Argentine 21 cm survey (Kalberla et al. 2005) and found that
the differences relevant for us are of the order of at most 1%. Because
our survey has been constructed with a flux cut based on the Dickey &
Lockman results, we keep the older hydrogen column density values for
consistency.
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energy band have been derived within a cluster radius of Fs00°.
To estimate the cluster mass and temperature from the observed
X-ray luminosity we use the scaling relations described in Pratt
et al. (2009). These were determined from a representative clus-
ter sub-sample of our survey, called REXCESS (Bohringer et al.
2007). Since the radius rso is determined from the cluster
mass, the calculation of X-ray luminosity inside rsqg, cluster
mass, and temperature were performed iteratively, as described
in Bohringer et al. (2013). The definitive identification of the
clusters and the redshift measurements are described in Guzzo
et al. (2009), Chon & Bohringer (2012), and Bohringer et al.
(2013).

The survey selection function was determined as a function
of the sky position with an angular resolution of one degree and
as a function of redshift. The selection function takes all the
systematics of the RASS exposure distribution, Galactic absorp-
tion, the fiducial flux, and the detection count limit into account.
The interstellar hydrogen column density for these calculations
is taken from Dickey & Lockman (1990). The selection func-
tion as a function of sky position and redshift was published for
REFLEX II in the online material of Bohringer et al. (2013) and
for NORAS II in Bohringer et al. (2017a).

3. Methods

We studied the density distribution of clusters and of the under-
lying matter distribution as a function of redshift in different
regions of the sky. Because we used a flux-limited cluster sam-
ple with additional smaller sensitivity variations in regions of the
sky with shorter exposures, we could not use the cluster num-
ber distribution directly without taking the selection function
into account. In the following we used two different methods
to achieve this.

In the first method we compared the observed cluster counts
in redshift bins with the expected counts. The expected counts
were calculated from the observed X-ray luminosity function
convolved with the survey selection function, which is given as
a function of redshift and sky position. For the luminosity func-
tion we took the best-fitting Schechter function for the REFLEX
II cluster survey from Bohringer et al. (2014). The X-ray lumi-
nosity function for NORAS II is the same within the uncertainty
limits (Bohringer et al. 2017a,b). The REFLEX II luminos-
ity function is shown in Fig. A.1 and the parameters for the
Schechter function are listed in Table A.1, where we also give
the parameters for the bracketing lower and upper limit func-
tions. We did not detect any significant evolution in the X-ray
luminosity function in the redshift range z = 0-0.4, as shown
and explained in detail in Bohringer et al. (2014). We there-
fore assume this function to be constant over the distance range
considered here. The relative density variations were then deter-
mined by the ratio of the observed to the expected number of
galaxy clusters.

The second method was used to derive the unbinned cumu-
lative mean density of clusters as a function of redshift. In this
approach we attributed weights to each cluster to correct for the
spatially varying survey limits. The weights were calculated from
an integration of the luminosity function, ¢(Lx), as follows:

fL"X"O #(LydL

= (1)
fo,» P(L)dL

Wi

2 rsoo is the radius where the average mass density inside reaches a

value of 500 times the critical density of the Universe at the epoch of
observation.

where Ly, is the nominal lower limit of the sample and Ly, is
the lower X-ray luminosity limit at the sky location and redshift
of the cluster. We then determined the relative density distribu-
tion of the clusters by comparing the observed distribution of the
clusters with weights to the prediction of the cluster density for a
volume complete sample with a limiting luminosity of Lx,. We
used the same technique with weights to produce maps of the
projected density distribution of the clusters in redshift slices.

To infer the underlying matter distribution from the observed
distribution of clusters, which is done in Sect. 4.3, we assume
that the cluster distribution is biased with respect to that of the
matter using the formalism of Tinker et al. (2010). We verify this
approach in Appendix B with studies of cluster counts in cells
in cosmological numerical simulations. We find that the uncer-
tainty in the prediction of the matter density is roughly given by
the Poisson error in the cluster number counts.

To calculate the bias factor, which is independent of scale,
we used the formulas derived by Tinker et al. (2010) from large
N-body simulations. We calculated the bias as a function of clus-
ter mass for the adopted cosmological model®. For easier appli-
cation, we fitted the result with a parameterised function of the
following form:

b(m) = A + Bm + Cm?* + Dm'"* + Em®3, 2)

with A = 0.664, B = 0.1614, C = —-1.23 x 1075, D = 1.152,
and E = 0.320, where m is the cluster mass, M»qg, in units of
10 h;& M.

The cluster mass was determined from the observed
X-ray luminosity by means of the X-ray luminosity—mass rela-
tion described in Bohringer et al. (2014), the same scaling relation
used to determine rsoy above. The mass estimate for individual
clusters has an estimated uncertainty of about 40% (e.g. Pratt
etal. 2009). This translates into an uncertainty in the bias factor of
not more than 5%, which we take into account in our modelling.

4. Results
4.1. CLASSIX survey

In Fig. 1 we show the relative density distribution of the clusters
for the entire CLASSIX cluster sample with Lx > 10** ergs™!
out to a redshift of z = 0.3, excluding the zone of avoidance.
This distribution was constructed by dividing the observed num-
ber of CLASSIX clusters in different redshift bins by the predic-
tion based on the best-fitting Schechter X-ray luminosity function
and the CLASSIX selection function. All the relative differential
density distributions of clusters shown in the following are con-
structed in this fashion. Here, 211 clusters are involved in tracing
the density at z < 0.04 and 1570 out to z = 0.3. While the over-
all cluster distribution is remarkably homogeneous, we note an
underdensity of about 30-50% at z < 0.03 (~120 Mpc).

Because we are part of the Local Supercluster with the Virgo
cluster at its centre (where M 87, M 86, and M 49 enter our cat-
alogue as separate mass halos) and since the X-ray emission of
Virgo is partly blinding the region behind the cluster, one could
question if the sky region of the Virgo cluster should be included
in our study. The open square in Fig. 1 demonstrates that exclu-
sion of the Virgo region has no effect on the further results of
this paper.

Care needs to be taken in the interpretation of the local
underdensity observed in Fig. 1. Since the region at very low

3 The bias was calculated for a cosmological model with parameters of
Q. = 0.282 and o = 0.776 which are consistent with the galaxy cluster
observations from our survey (e.g. Bohringer et al. 2014, 2017b).
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Fig. 1. Cluster density distribution as a function of redshift for the
CLASSIX galaxy clusters covering the sky at |by| > 20° for a mini-
mum luminosity of 10¥ erg s~ (0.1-2.4keV). The density distribution
has been normalised by the expected cluster density based on the aver-
age luminosity function as explained in Sect. 3. The open square shows
the result if the region of the Virgo cluster is excluded from the analysis.
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Fig. 2. Mean X-ray luminosity limit as a function of redshift for the
CLASSIX survey.

redshifts, which appears underdense, is traced mostly by objects
with low X-ray luminosity, which are only detected in this
region, there is some degeneracy in the determination of the
X-ray luminosity function at the low-luminosity end and the rel-
ative cluster density distribution in the nearby Universe. An over-
estimate of the X-ray luminosity function at the low-luminosity
end would produce an artificial underdensity with the method
applied here.

A way to break this ambiguity is to study a volume-limited
sample of clusters with a homogeneous lower X-ray luminosity
limit over a region that is larger than the observed underden-
sity. In Fig. 2 we show the mean lower luminosity limit of the
CLASSIX survey as a function of redshift*. We note that for
example for an X-ray luminosity limit of 2 x 10" ergs™ we
can sample the cluster density in a volume-limited way out to a

* The redshift limit is independent of the adopted cosmological model
because the luminosity is determined from the flux with a cosmology-
dependent luminosity distance, while the redshift limit is in turn calcu-
lated from the limiting luminosity using the inverse function of the same
luminosity distance, which cancels the dependence on cosmology.
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Fig. 3. CLASSIX galaxy cluster density distribution as a function of
redshift for four different lower X-ray luminosity limits, given in the
plot by the parameter xlim in units of 10* erg s~'. All samples trace the
same local density deficit.

Fig. 4. Sky distribution of the clusters (black dots) and their surface
density in the CLASSIX survey at |by| > 20° smoothed with a Gaus-
sian filter with o = 10° in the redshift slice z = 0—0.04 in equatorial
coordinates. The colour coding for the density normalised to the mean
is orange: >2, red: 1-2, brown: 0.5—1, and dark brown/black: <0.5.

redshift of z = 0.062, larger than the underdense region. There-
fore we constructed several cluster samples with a range of lower
limiting luminosities (Lx, = 0.02,0.05,0.1,0.2 x 10% erg s7h),
which are volume limited out to z = 0.021,0.032,0.044,0.062,
respectively. The density distributions of these samples are
shown in Fig. 3. There is good agreement between the different
samples and they all trace a similar local underdensity. There-
fore the observed deficit cannot simply be the result of an inac-
curately determined X-ray luminosity function. We had shown a
similar exercise with the REFLEX II survey in Bohringer et al.
(2015) with the same conclusion.

4.2. Different hemispheres

Figure 4 shows the projected density distribution of the clus-
ters in the redshift range z = 0—0.04. The colour-coded density
distribution is that of the clusters with weights smoothed by a
Gaussian filter with a o-value of 10°. The density has been nor-
malised by the mean, so that the light(dark) regions show over-
densities (underdensities). We clearly note that the distribution is
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Fig. 5. Cluster density distribution as a function of redshift for the
REFLEX II survey in the southern sky (open red circles) and the
NORAS 1I survey in the north (filled blue circles) at |by| > 20°, for
a minimum luminosity of 10*? erg s™! (0.1-2.4 ke V). The density distri-
bution has been normalised by the expected cluster density based on the
average luminosity function as explained in Sect. 3.
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Fig. 6. Cluster density distribution as a function of redshift in the north-
ern Galactic cap (filled blue circles) and southern Galactic cap (open
red circles) at |by| > 20°, for a minimum luminosity of 10*? erg s™! (0.1
2.4 keV). The density distribution has been normalised by the expected
cluster density based on the average luminosity function as explained in
Sect. 3.

not homogeneous, and so we do not expect to observe the same
density deficit as noted in the mean radial profile in Fig. 1 in all
sky directions. In the following we therefore study how the local
density distribution depends on the region in the sky.

In Fig. 5 we show the cluster density distribution in the
northern sky (NORAS II) and southern sky (REFLEX II) at
|brl = 20°. Here the REFLEX II survey extends towards the
north to a declination of +2.5°, overlapping slightly with the
NORAS II survey. While the extent of the local deficit in
the north reaches a redshift of about z ~ 0.02 (~85 Mpc), that in
the southern sky stretches out to about z ~ 0.04 (~170 Mpc). At
larger reshifts the distribution is again relatively homogeneous.

The density distributions in the northern and southern Galac-
tic hemisphere (at |by| > 20°) are compared in Fig. 6. The under-
density is less pronounced in the northern Galactic cap, with
a deficit of about 35% at z < 0.03 compared to about 47% in
the south. In the south the density deficit stretches out to about
130 Mpc.

Fig. 7. Sky distribution of the clusters and their surface density in the
CLASSIX survey with the extension into the zone of avoidance in equa-
torial coordinates. The survey is bounded by an interstellar hydrogen
column density limit of ny < 2.5 x 102! cm~2. The white contours show
the hydrogen column density boundary of ny; = 1.5%10?! cm™2. The red
lines indicate the Galactic latitudes of |by| = £20°. The yellow dashed
line marks the Supergalactic plane and the colour coding is the same as
in Fig. 4.

K
o

redshift

Fig. 8. Cluster density distribution as a function of redshift in the zone
of avoidance at |by| < 20°. Filled symbols are for the region with a
Galactic hydrogen column density of ny < 2.5 x 10?! cm™2 and open
symbols for ny < 1.5 x 10! cm™2. The cluster sample in these region is
not complete and therefore the data provide a lower limit. The density
distribution has been normalised by the expected cluster density based
on the average luminosity function as explained in Sect. 3.

To see if the local cluster density in the sky outside the band
of the Galaxy may be compensated by an overdensity in the
zone of avoidance, we looked into our incomplete survey of this
region. Figure 7 shows the cluster distribution across the sky,
now with part of the region of the zone of avoidance, which is
covered by our survey. The survey area is limited by an interstel-
lar hydrogen column density of ny < 2.5 X 10>' cm™2. We also
show the region with a limit of ny < 1.5 x 10?! cm~2 bounded by
white contours that was explored alternatively. The figure shows
in addition the Galactic band (|by| > 20°, black lines) and the
location of the Supergalctic plane.

The zone of avoidance does not show any large local over-
dense regions as displayed in Fig. 8. We roughly expect that
our survey has a completeness of about 60-70% including the
incomplete spectroscopy follow-up. This incompleteness is at
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Fig. 9. Cumulative density distribution of REFLEX II clusters as a func-
tion of redshift normalised to the mean for a lower X-ray luminosity
limit of Ly, = 5 X 10”2 erg s™' (lower curve with red uncertainty limits).
The upper curve with green uncertainty limits shows the inferred dark
matter distribution after correcting for the cluster bias.

least partly responsible for the lower value of the mean density
in the figure. We note that so far we have no evidence of an over-
density of clusters behind the band of the Galaxy.

4.3. Cumulative densities

To probe the density distribution on a finer scale we now use
the second method described in Sect. 3 to show the unbinned
cumulative density of the clusters, that is the mean density inside
a certain distance taken at the redshift of each cluster. For this
we sum the clusters multiplied with their weights and compare
this with the number of clusters we would expect in a volume-
limited sample out to the same distance with the adopted lower
luminosity limit of the analysis.

In Fig. 9 we show the cumulative density distribution of the
REFLEX II clusters in the southern sky normalised to the mean
density. To minimise the influence of the low-luminosity end of
the X-ray luminosity function we used a lower luminosity limit
of Ly, = 5x 10*? erg s~! here. The plot shows that the underden-
sity reaches out to about z ~ 0.04 as in the differential plot above,
but despite the local overdensity at the boundary of the under-
dense region, the cumulative mean density is only recovered at
z ~ 0.06. We also show the uncertainty limits as a red region,
which takes into account the uncertainty of the X-ray luminosity
function (Fig. A.1) used for the normalisation and the Poisson
error of the cluster number counts.

Figure 9 also shows the inferred underlying matter distri-
bution traced by the clusters. We derive this by accounting for
the fact that clusters follow the matter distribution in a biased
way. We corrected for the bias in the way described in Sect. 3
and included an additional uncertainty in the estimated bias
factor due to uncertainties in the mass of galaxy clusters. We
note a mean matter underdensity of about —27 + 15% out to
7z ~ 0.033 (~140 Mpc) and of about —20 + 10% out to z ~ 0.045
(~190 Mpc).

Figure 10 shows in a similar way the cumulative cluster den-
sity distribution in the northern sky at |by| > 20°. The local
underdensity is deeper (—50% =+ 20%), but at this depth it only
extends to about 90 Mpc. In the cumulative density we see, after
a sharp density increase, a slow recovery of the mean density
which is reached at z ~ 0.07. For a mean matter underdensity
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Fig. 10. Cumulative density distribution of NORAS II clusters as a func-
tion of redshift normalised to the mean for a lower X-ray luminosity
limit of Ly, = 5 X 10* erg s~ (lower curve with red uncertainty limits).
The upper curve with green uncertainty limits shows the inferred dark
matter distribution after correcting for the cluster bias.
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Fig. 11. Cumulative density distribution of CLASSIX clusters as a func-
tion of redshift normalised to the mean for a lower X-ray luminosity
limit of Ly, = 5% 10* ergs™" (lower curve with red uncertainty limits).
The upper curve with green uncertainty limits shows the inferred dark
matter distribution after correcting for the cluster bias.

of —30% = 15% the extent of the region is about 100 Mpc
(z ~ 0.024) and for —20% =+ 10% it reaches 130 Mpc (z ~ 0.03).

In Fig. 11 we show the same plot for the entire CLASSIX
survey at |by| > 20°. The results show approximately a mean
behaviour of that of the two hemispheres. For a mean matter
underdensity of —30% + 15% the extent of the region is about
100 Mpc (z ~ 0.0235) and for —20% + 10% it reaches about
140 Mpc (z ~ 0.033).

4.4. Particular sky regions

We also inspected the density distribution in smaller regions of
the sky. However, the smaller number statistics increases the
uncertainties. We have already analysed two particular regions
in our earlier study of the southern sky, where we can compare
our cluster distribution to observations of the galaxy density dis-
tribution from Whitbourn & Shanks (2014). These are the sky
areas labelled A and B in Fig. 12. We found remarkably good
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Fig. 12. Sky distribution of the clusters and their surface density in the
extended CLASSIX survey in equatorial coordinates. Particular regions
marked and labelled in the figure are explained in the text. The red lines
mark the Galactic latitudes |by| = 20° and the displayed survey region
is limited by an interstellar hydrogen column density value of ny <
2.5 x 10*! cm2. The yellow lines mark the boundaries of regions A to
C and the blue lines those of regions D to F.

o

normalized density

0.1.Y

redshift

Fig. 13. Density distribution of CLASSIX clusters as a function of red-
shift in the region labelled C in Fig. 12. We find no cluster in the sec-
ond redshift bin marked by a downward pointing triangle. The galaxy
distribution (Whitbourn & Shanks 2014) in the same area is shown by
smaller red points with error bars. There is good agreement between
both density distributions.

agreement between galaxy density and cluster density in these
sky areas (Bohringer et al. 2015, Figs. 8 and 9).

The third region studied by Whitbourn & Shanks (2014) in
the equatorial northern part of the north Galactic cap, region C
in Fig. 12, is explored in Fig. 13. There is no underdense region
in this area, except for the redshift bin z = 0.01-0.02 where we
find no cluster above our flux limit. The galaxy distribution fol-
lows that of the clusters closely and in the redshift bin where
we detect no cluster, we also note a pronounced underdensity in
the distribution of galaxies. The fact that galaxies and clusters
show approximately the same density distribution provides fur-
ther strong support that the CLASSIX clusters are fair tracers of
the underlying matter distribution.

To further explore the variance in the cluster density distri-
bution in different celestial regions, we selected a few sky areas
that show a particularly high or low density in Fig. 12. The
regions labelled D and E in the figure (with right ascension and

o

normalized density

o

normalized density

[ I

redshift

Fig. 14. Top: density distribution of CLASSIX clusters as a function of
redshift in the high-density region in the southern sky, D (red filled cir-
cles), and the low-density region, E (blue open circles). Bottom: density
distribution of CLASSIX clusters as a function of redshift in the north-
ern high-density region, F. This seems to be one of the densest regions
atz < 0.04.

declination ranges of RA = 55—-115°, Dec < 0° and RA < 45°, >
270°, Dec < 0°, respectively and |by| > 20°) are shown in the
top panel of Fig. 14. While the denser region D shows a nearby
cluster deficit, the region is characterised by an overdensity at
redshift z = 0.03—0.04. The region E around the south Galactic
pole shows a particularly pronounced underdensity. In the north-
ern sky we have the region F (RA < 50°,> 330°, Dec > 0°
and |by| > 20°) which shows a higher-than-average density in
Fig. 12. The density distribution of F shown in the bottom panel
of Fig. 14 is mostly overdense and does not contribute to the
overall local underdensity at all. In summary we note that the
underdensity in the local Universe has a complex structure and a
homogeneous spherical void would be a rather crude representa-
tion of its geometry.

5. Discussion

Combining the results from Sect. 4.3, we infer from the observed
cumulative cluster density distribution a local underdensity
with a deficit of —0.3 + 0.15 extending about 100 Mpc to the
north and of —0.27 + 0.15 extending about 140 Mpc to the
south. This underdensity is bounded by well-known superclus-
ters. In the northern sky it ends at the Great Wall, while in
the south its boundary is at the Shapley supercluster and two
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further superclusters, RXSC J0338-5414 (at z = 0.0603) and
RXSC J0624-5319 (at z = 0.0520), identified by Chon &
Bohringer (2013) in our survey. These superstructures seem to
terminate the underdensity. Among the superclusters in the local
Universe, the Shapley supercluster is by far the most promi-
nent structure (e.g. Sheth & Diaferio 2011; Chon et al. 2015).
Therefore, one way to put the observation of the local under-
density into perspective is to note that we do not live near one
of the prominent superstructures. The Local Supercluster (e.g.
de Vaucouleurs 1959) is not one of the massive superclusters.
Therefore, the large-scale mean matter density of the Universe
seems to be fairly sampled only when the volume is large enough
to include also the very massive superstructures.

An important question to ask is how likely it is to find
the observed extended underdensity in a Universe described
by the concordance ACDM cosmological model. To answer
the question we adopted an approximate description of the
observed underdensity by a spherical region with a radius of
about 100 Mpc radius, as found for the CLASSIX survey corre-
sponding to an underdensity of —0.3 + 0.15. In linear theory we
can calculate the probability of finding such a region from the
variance of the matter density distribution filtered by a top-hat
filter with the given radius. To infer the linear density from the
observed underdensity we have to correct for the extra expansion
of the region in the non-linear evolution, yielding a Lagrangian
radius of 92 + 4 Mpc. Using the power spectrum for the ACDM
cosmological model that best fits our cluster data (Bohringer
et al. 2014), we can calculate the rms fluctuation amplitude for
this scale. We applied CAMB (Lewis et al. 2000)° to obtain the
matter power spectrum. For the rms amplitude we obtained val-
ues of o = 0.115 £ 0.005. Therefore, an underdensity of the
above given amplitude corresponds to a 1.3—3.80" deviation from
the mean density. For the lower limiting value the probability of
finding such an underdensity is therefore about 10%, a possi-
bility that cannot easily be ruled out. If we look alternatively at
the region which has a mean underdensity of —0.2 + 0.1 and a
radial extent of about 140 Mpc, we obtain the following values:
the radius in linear approximation is ~132 + 4 Mpc and the rms
fluctuation amplitude is o = 0.075 = 0.003, corresponding to
a 1.4-3.90 excursion. Considering these results, it seems more
likely that the true values for the matter density deficit are close
to our lower uncertainty limits.

Several works studied the probability of a local matter under-
density with similar results (e.g. Yu 2013; Wojtak et al. 2014;
Odderskov et al. 2017; Wu & Huterer 2017; Fleury et al. 2017).
Among these studies, it is interesting to mention the result of
Wojtak et al. (2014), who discussed conditional probabilities. In
the case where one wishes to know the probability of the density
distribution observed from a random point in space, the proba-
bility of finding oneself in a void is slightly higher, since under-
dense regions occupy more space in non-comoving units than
overdense regions. However, if one applies the condition that the
observer is located in a dark matter halo with a mass of about
10'* M, which may describe the properties of the Local Galaxy
Group, the chance of being located in an overdense region is
slightly higher. Despite the fact that the second case should be a
better representation of the real situation, we seem to find our-
selves in an underdense area.

Another consideration is the chance that the sky region hid-
den behind the Milky Way could compensate the deficit seen in
the CLASSIX survey. If we take the entire region at |by| < 20°,

5 CAMB is publicly available from http://www.camb.info/
CAMBsubmit.html
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which is roughly half the area of CLASSIX, we would need a
matter overdensity of about 60% out to a radius of 100 Mpc.
Calculating the probability for this to happen in a ACDM cosmo-
logical model in a similar way as above, we find a o-value for
the probability of 3.80, hence much less likely than the value
for a 30% underdensity in the CLASSIX area (2.60). Accord-
ing to Tully et al. (2019) the “Local Void”, one of the largest
underdense structures nearby, is mostly hidden by the zone of
avoidance. Since the analysis by Tully et al. is based on peculiar
velocities, their method is also sensitive to structures not directly
observed. Thus they can in principle obtain a more complete pic-
ture (in a smaller redshift region) than what we can presently
map with the cluster distribution. Therefore, the existence of the
Local Void in the hidden region behind the band of the Milky
Way makes it even more unlikely that the zone of avoidance can
compensate the observed local matter deficit.

In a recent study, Jasche & Lavaux (2019) used the 2M++
galaxy sample compiled by Lavaux & Hudson (2011) based on
the 2MASS Galaxy Redshift Survey (Huchra et al. 2012) for a
reconstruction of the matter density distribution in the local Uni-
verse with a Bayesian modelling technique including the use of
N-body simulations for cosmic structure evolution. One of their
results provides radial matter density distributions averaged in
shells around our location presented in their Fig. 10. The den-
sity profile for the whole sky, shown in the left panel of that
figure, features more underdense than overdense regions out to
a radius of about 150 4~! Mpc. If this differential density profile
is integrated, the cumulative profile shows a mean underdensity
of about 10-20% inside a radius of about 85 Mpc. The result is
qualitatively very similar to ours, but the extent and the ampli-
tude of the underdensity are somewhat smaller. With our large
uncertainties the two results could be considered marginally con-
sistent. There are however two possible reasons for the differ-
ence. First, the Bayesian method includes the ACDM model
with approximately Planck mission constraints for the cosmo-
logical parameters as a prior, which means that the consistency
with this model is also driving the results. Second, the galaxy
sample is limited to redshifts below z = 0.06-0.08 (their Fig. 2).
Their reference of the large-scale mean density therefore comes
from a smaller volume than ours, and so it may be difficult to
detect an underdensity with a larger extent than what they find. In
light of these considerations we interpret both results as consis-
tent. Figure 10 of Jasche & Lavaux (2019) also shows the radial
profiles for two survey regions of Whitbourn & Shanks (2014)
labelled A and B above. In both regions we observe a similar
density structure as outlined by the clusters and galaxies.

If the density of the local Universe is less than the mean den-
sity, the Hubble constant measured within this volume is larger
than that found at larger scales. In Appendix C we calculate
how the Hubble constant depends on the density. For a deficit of
—0.3 + 0.15 we find a value for Hy which is higher by 5.534%,

and for —0.2 + 0.1 the increase of Hy would be 3.5:’{:2%. We
note that these values of the Hubble constant refer to the vol-
ume of the underdensity. Most local measurements of Hy cover
a larger volume, for example those of Riess et al. (2019), where
the described effects are diluted in the average result. The quoted
changes of Hj apply, however, to measurements inside the under-
density, like all studies based on peculiar motions; for example
those of Tully et al. (2016, 2019), which imply a value of Hj of
about 75kms~! Mpc!.

Determining the Hubble constant in the redshift range
z = 0.018-0.85 using a distance calibration from the anal-
ysis of Baryonic acoustic oscillations (BAOs) in the Dark
Energy Survey, independent of local distance -calibrators,
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Macaulay et al. (2019) find a Hubble constant of Hy = 67.8 +
1.3kms™! Mpc~!. The good agreement with the results from the
Planck mission is not surprising, since both analyses rely on the
sound horizon as a calibration standard.

In a recent update on their work, Shanks et al. (2019b)
modelled their data on the galaxy density distribution with
a self-consistent outflow model, finding that the Hubble con-
stant would be increased by about 2-4% inside a region with
a radius of about 150/4~! Mpc. Lukovic et al. (2019) explore
the evidence of a local void with SN data from the joint light
curve analysis (JLA; Betoule et al. 2014) and Pantheon sample
(Scolnic et al. 2018) using a Lemaitre-Tolman-Bondi cosmo-
logical model. Lukovic et al. find constraints on a local under-

density with a size of z < 0.039*092 and a density contrast

of 6p/p = =7.5"139% for JLA as well as z < 0.070%0923 and
oplp = —7.42%5 % for the Pantheon sample. The results are

therefore consistent with homogeneity, but also within 1o~ errors
with a local underdensity as found by Whitbourn & Shanks
(2014) and with our findings. These latter authors also study
the implications for the galaxy distribution of Keenan et al.
(2013), for which they obtain the constraints of a void size of
z < 0.079*3917 with an underdensity of 5p/p = —43.8789%.
This result is inconsistent with the SN data however, excluding
one critical data point out of ten relaxes this discrepancy and also
makes these findings more similar to our results. More stringent
constraints were obtained by Kenworthy et al. (2019) with the
Pantheon sample combined with the Foundation survey and the
Carnegie Supernova Project, excluding a local underdensity of
~100Mpc in size with a density contrast of dp/p > 27% at 50,
which does not rule out our results closer to their lower limits.
In summary, the SN data are not in conflict with our findings.

6. Summary and conclusion

We find a significant local underdensity at redshifts z <
0.03-0.04 in the distribution of galaxy clusters, compared to
the mean cluster density over a large volume observed out to
z = 0.3 (excluding the zone of avoidance, with |by| < 20°).
It is well known that clusters trace the density distribution of
matter on large scales in a statistical sense, and we have shown
here (Appendix B) that there is a tight correlation for the cluster
density and matter density in cells of numerical simulations. We
have also shown that this underdensity is traced by several sub-
samples of our cluster catalogue, including for example only the
more X-ray luminous clusters. Therefore, we are sure that this is
not an effect of missing clusters in our survey and we have strong
evidence that this underdensity is real.

We studied the likelihood of finding such an underdensity
in a universe described by a concordance ACDM cosmological
model® and found probabilities that are relatively small. But for
underdensity amplitudes close to our lower uncertainty bound-
ary, probabilities of ~10% are still large enough that such a case
cannot easily be ruled out for statistical reasons.

As discussed in previous studies (see references in the intro-
duction) a local matter underdensity has consequences for the
Hubble constant measured with precision distance estimators in
the low-redshift Universe. One of the currently heavily discussed
problems of cosmological measurements is the discrepancy in
the Hubble constant inferred from the analysis of the cosmic
microwave background anisotropies observed by Planck with a

6 With cosmological parameters that are consistent with the statistics
of the galaxy cluster population and most other measurements of the
local large-scale structure.

value of 67.4 (+0.5)kms~' Mpc~! (Planck Collaboration XIII
2016; Planck Collaboration VI 2019) and the values found from
local estimators with a value of about 74.0 (£1.4) (e.g. Riess
et al. 2019). This is a difference of about 9.6%, much larger
than the combined error. Our finding can at least explain part
of the difference. But the discrepancy is larger than what could
plausibly be accommodated by our observations. For most mea-
surements of Hy from SNe the volume of reliable measurements
is larger than the underdensity and the effect is further diluted.
Therefore, one has to look in addition for other reasons for
this discrepancy. There could well be further systematic effects
which may have been overlooked or have been underestimated
so far. On the other hand there is a growing number of publica-
tions which discuss physical effects causing this difference in the
Hubble constant (e.g. Di Valentino et al. 2018; D’Eramo et al.
2018; Poulin et al. 2019; Pandey et al. 2019; Vattis et al. 2019;
Agrawal et al. 2019; Desmond et al. 2019).

What remains important in any case is that the observations
of a local underdensity, for which we provide well-founded evi-
dence, have to be taken into account. Another important point
of our findings is that the underdensity is not seen in all regions
of the sky and therefore these variations across the sky need to
be taken into account for precise cosmological calculations. So
far only a few studies based on the galaxy distribution support
our conclusions (e.g. Keenan et al. 2013; Whitbourn & Shanks
2014), because a lot of work tracing the matter distribution with
galaxies does not extend as far as the size of the local underden-
sity. However, with the growing size and increased precision of
ongoing and planned galaxy surveys we hope to soon see firm
confirmation of our observations from galaxy studies.
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Appendix A: X-ray luminosity function

n [hy Mpc™ (10" erg s™)' |

107"l i L
0.01 0.10 1.00
X—ray luminosity [h, " 10* erg s™ ]

R

10.00

Fig. A.1. REFLEX II X-ray luminosity function for the redshift range
z = 0-0.4. We also show the best-fitting Schechter function and the
uncertainty limits of the fit (Bohringer et al. 2014).

Table A.1. Best-fitting parameters for a Schechter function describing
the REFLEX II X-ray luminosity function.

L,—range «a Ly no

Best 192 395 2.83x10”’
Low 1.8 32 44x1077
High 20 47  20x1077

Notes. For the description of the parameters of the Schechter function
see Eq. (A.1) L% has units of 10* ergs™" in the 0.1-2.4 keV band and
no units of A3, Mpc™ (10* ergs™")~".

The X-ray luminosity function of the clusters of our survey
was determined for the southern part (REFLEX II) in Bohringer
et al. (2014). We use this result here in its parametric form, a
Schechter function defined as

Lx\™“ Lx\ dL
n(Lx) dLx = ny =X exp|— X X,
Ly Ly) Ly

(A.1)

The REFLEX 1II X-ray luminosity function and the Schechter
function fit is shown in Fig. A.1 and the parameters for the fit-
ted function are given in Table A.1 (Bohringer et al. 2014). In
addition to the best-fitting function we also use two bracketing
functions, also given in the figure and the table, which capture
the uncertainty in the fit of the Schechter function. In our study
in Bohringer et al. (2014) we found no significant evolution of
the X-ray luminosity function of the REFLEX II clusters in the
redshift interval z = 0-0.4. Therefore we assume this function
to be constant in the volume studied here. The X-ray luminos-
ity function determined from the NORAS II survey agrees with
that of REFLEX II within their uncertainties (Bohringer et al.
2017a,b).

Appendix B: Galaxy clusters tracing the matter
distribution

To investigate how well galaxy clusters trace the matter distribu-
tion we used the Millennium simulations (Springel et al. 2005).
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Fig. B.1. Cluster over-/under-density with respect to the mean as a func-
tion of the matter over-/under-density for counts in cells with a box size
of 89.3 h3] Mpc (upper panel) and a size of 178.6 h;) Mpc (lower panel)
in the Millennium simulations.

While it is well known that clusters provide a biased account of
the fluctuations in the matter density distribution in a statistical
analysis such as the two-point-correlation function or the power
spectrum, we tested here how well the cluster density correlates
with the matter density in individual patches of the Universe.
We therefore compared cluster counts in cells to the mean mat-
ter density in the cells in the Millennium simulations.

The Millennium simulations are dark-matter-only simula-
tions, which is sufficient for our purpose, since we are look-
ing at very large scales of tens of megaparsecs where bary-
onic effects play no significant role. The cosmological param-
eters used for the Millennium study (Q,, = 0.25, og = 0.9, and
Hy = 73kms~! Mpc™!) are different from our preferred cosmol-
ogy. Thus the bias is slightly different. However, here we are
not interested in calibrating the biasing relation, but we want
to demonstrate the method of tracing the matter distribution in
spatial patches and to study its uncertainty. For this purpose the
difference in the cosmological parameters is not important.

The Millennium simulation has a box size of 500 hl_(}o Mpc.
We selected clusters with a lower mass limit of 0.5 x 10'* M
finding 5283 such systems in the simulation. We performed
two studies: one with a box size of 89.3 h;(} Mpc and one with
178.6 h;(} Mpc (which correspond to one-eight and one-quarter
of the simulation box size, respectively).

The results of the two studies are presented in Fig. B.1. What
is shown is the density contrast for clusters as a function of the
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density contrast in the matter distribution. Therefore, the slope
of the relation is equal to the bias. We note that in both cases the
distribution of clusters closely traces that of matter. The quanti-
tative result important for the analysis above is the scatter in the
relation which was included in the uncertainties of the inferred
matter distribution in our analysis. The scatter determined for
the two cases is ~26% for the smaller cells and ~8% for the
larger cells, which is close to the Poisson error. In our analysis
we therefore used Poisson uncertainties.

Appendix C: Hubble parameter as function of
underdensity

We calculated the Hubble constant that should be observed within
a local underdensity under the assumption that the underdense
region is homogeneous. Justified by Birkhoft’s theorem, we inte-
grated the Friedman equations from initial conditions in the early
Universe (z = 500) to the present time for our preferred cos-
mology and other models with sightly higher or lower densities,
and compared their expansion parameters at z = 0. The resulting
relation between the underdensity and the increase of the Hubble
parameter at present time is shown in Fig. C.1. In the literature

A19, page 12 of 12

0.06

0.02

change in Hubble Parameter
L A e e e e LA e
o b e b e b e b

0.00 ; I i | ; |
-0.5 -0.4 -0.3 -0.2 —0.1 0.0
underdensity

Fig. C.1. Change of the Hubble parameter as a function of the under-
density of the region studied. The dotted lines mark the underdensity
values of 30 + 15%.

one can find approximate formulas for this relation of the under-
density in a local region and the observed Hubble constant, for
example by Marra et al. (2013), which agree with our result.
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