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ABSTRACT

Context. The non-Gaussian Cold Spot surrounded by its hot ring is one of the most striking features of the cosmic microwave
background (CMB) and has generated significant attention in the literature. It has been speculated that either new physics or the
Integrated Sachs-Wolfe effect induced by the presence of a cosmic void at relatively high redshift could account for the observations.
Aims. Here, we investigate if the newly discovered systematic decrease in the CMB temperature in the neighbourhood of nearby
galaxies may create such a strong temperature depression. In particular, we note that the largest galaxy group complex in the local
Universe, the Eridanus super-group with its neighbouring groups, is in the Cold Spot area. Our goal is to analyse observational galaxy
data to characterise the neighbourhood of the Cold Spot, explore the properties of these galaxies, and thereby make a prediction of
the galaxy induced CMB temperature decrement in this region.

Methods. We used the Planck SMICA maps, and as foreground tracers, galaxies from the publicly available observational catalogues:
2MRS, 6dF, and HIPASS, which include information on redshifts, positions, magnitudes, and other astrophysical characteristics.
We applied previously explored mean temperature profile shapes to model the expected temperature decrement from the galaxies in
the Cold Spot area.

Results. Even after correcting for the mean low temperature of the Cold Spot region, we find that the temperature decrement around
galaxies is significantly stronger than the mean decrement in other parts of the sky. We discuss whether this could be attributed to the
fact that the Cold Spot area coincides with one of the regions populated by the most HI deficient galaxies. Modeling the foreground
temperature profile that is mainly associated with spiral galaxies in this location, we find a particularly strong temperature decrement
due to the presence of the late-type overabundant largest group complex in the nearby universe. A Cold Spot shape that largely
overlaps with the CMB Cold Spot is observed.

Conclusions. We conclude that the coincidence of the only nearby spiral-rich group complex located in the Cold Spot region, and the
success of the modelling performed, adds strong evidence to the existence of a local extragalactic foreground that may account for the

observed temperature depression, alleviating the tension with the Gaussian field that is otherwise expected in the CMB.
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1. Introduction

Over the years, various anomalous features in the cosmic
microwave background (CMB) have been identified, including
deviations from statistical isotropy and/or Gaussianity, as well as
other features that are unexpected in comparison to simulations
based on the best-fit ACDM cosmologies (see Schwarz et al.
2016; Alurietal. 2017, and references therein). A possible
explanation for these anomalies was recently suggested by
Hansen et al. (2023) based on the discovery in Luparello et al.
(2023). There, a cross-correlation of nearby galaxy positions
with Planck and WMAP foreground subtracted CMB maps
showed a statistically significant decrement in the mean tem-
perature fluctuations extending to several Mpc around late-type
galaxies.

Although the cause of this temperature decrement remains
poorly understood, a phenomenological modelling of its prop-
erties leads to scenario in which most of the anomalies can be
remarkably accounted for Hansen et al. (2023). In that work, the
modelled signal around galaxies shows that the Cold Spot region

(Vielva et al. 2004) is expected to be one of the most dominant
cold areas in the sky. Therefore, we explore a scenario where
a concentration of large late-type galaxies in the local Universe
provides an explanation for the CMB Cold Spot.

The Cold Spot was detected when an excess of kurtosis in the
distribution of wavelet coefficients was noted at angular scales
of about 300 arcmin on the southern hemisphere (Vielva et al.
2004). As stressed in Vielva (2010), the morphological proper-
ties of the Cold Spot manifest differently depending on whether
we are looking at it in real space or wavelet space. In wavelet
space, it has a more or less symmetrical shape when elliptical
wavelets are used; instead, in real space it looks like a clump
of small cold spots, the most prominent one reaching values
near —350 uK and with sizes of about 1°. It is characterised by
a remarkable 150 uK decrement in the CMB average tempera-
ture covering an area of about 5° of radius. Notably, Cruz et al.
(2005) demonstrated that this extreme temperature drop can
only be accounted for in less than 0.2% of ACDM Gaussian
simulations. Even though the significance of the detection has
been debated the strong concerns raised questions about the

A2, page 1 of 6

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202347805
https://www.aanda.org
mailto:diego.garcia.lambas@unc.edu.ar
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Lambas, D. G., et al.: A&A 681, A2 (2024)

underlying physical processes responsible for its existence. Sev-
eral possible explanations have been put forward, among them
the existence of unaccounted systematic effect, oversubstrac-
tion of known foregrounds and the contribution of secondary
anisotropies like the Sundayev-Zeldovich (SZ).

One plausible explanation for the origin of the Cold Spot
is linked to the integrated Sachs-Wolfe (ISW) effect, arising
from a large underdense region along the path of CMB pho-
tons. Despite previous suggestions, conclusive evidence regard-
ing whether a particularly large void within the field of view
of the CMB Cold Spot can satisfactorily explain this anomaly
within the framework of the ACDM model remains elusive. For
instance, Mackenzie et al. (2017) and Owusu et al. (2023) raised
concerns about the role of such a supervoid in causing the CMB
Cold Spot in this region.

2. Data

In this work, we use the publicly available Planck CMB data
(Planck Collaboration I 2020), in particular, the SMICA fore-
ground cleaned map (Planck Collaboration IV 2020) and the
corresponding simulations, as well as the main galaxy sam-
ple of 2MRS (Huchra et al. 2012), 6dF (Jones et al. 2009), and
HIPASS (Meyer et al. 2004) to analyse different properties of the
galaxies. The 2MRS sample contains spectroscopic observations
for 11 000 galaxies, generating a redshift catalogue that is 97.6%
complete with respect to well-defined limits and covers 91% of
the sky. The 6dF footprint area covers more than 17 000 deg” in
2 optical band-passes and has more than 400 000 redshift deter-
minations up to z = 0.2. The HIPASS catalogue forms one of
the largest uniform catalogues of HI sources, with 4315 sources
identified purely by their HI content. In addition to the red-
shifts and positions, we use magnitudes and bj-R colours that
allow for a comparison with the data regarding morphology and
luminosity.

We note the diverse nature of the galaxy catalogues anal-
ysed, which comprise objects with different average properties.
In effect, while the 2MRS galaxies reflect the stellar content
through the near infrared emission associated with stars, the
HIPASS catalogue is sensitive to the HI content. It is also seen
that 6dF galaxies are generally fainter than 2MRS members.
Thus, the three catalogues trace nearby structures differently
and, in the context of this work, they may provide different con-
tribution to the foreground effects, as analysed in Luparello et al.
(2023) and Hansen et al. (2023, hereafter referred to as L2023
and H2023, respectively).

3. Foreground models: The CS region

In H2023, a model map of the L2023 foreground was created
by assigning a linear temperature profile with a fixed depth and
radius to each large spiral galaxy in the 2MRS catalogue. A rela-
tion between physical galaxy size and profile depth as well as
a relation between galaxy density and profile depth and radius
was assumed based on observed properties of temperature decre-
ments. In this model, the Cold Spot appears as one of the most
prominent features on the sky. Here, we aim to build a more
detailed model of only the area around the Cold Spot to compare
to the CMB Cold Spot. We built this model based on even less
assumptions than in H2023 by not applying any relation between
galaxy density and shape of the profile. Although this effect is
clearly present, it is difficult to model properly.

In the following, we describe our performance of a more
detailed modelling of the galaxies in each of the three
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Fig. 1. Mean temperature profiles around galaxies in the Cold Spot area.
Red line: large (>8.5kpc) 2MRS spirals within 20° from the centre of
the Cold Spot (12 galaxies). Only galaxies with redshift z < 0.01 were
included. The light grey band shows the 1o spread corresponding to
300 simulated CMB maps. The dark gray band shows the profile cor-
responding to random positions within the Cold Spot area. Green line:
HIPASS spirals not including common 2MRS galaxies (22 galaxies).
Blue line: 6dF galaxies in the smaller spiral dominated Eridanus and
NGC1407 group areas (41 galaxies). The monopole and dipole esti-
mated inside the Cold Spot area was subtracted from the map before
these profiles were calculated.

catalogues. We start by looking at the mean temperature pro-
file of large galaxies within the Cold Spot area defined as a disc
with radius 20° around the Cold Spot. In Fig. 1, we see the tem-
perature profile of 2MRS galaxies with a depth below 60 uK.
This is more than three times deeper that the mean depth of pro-
files taken from the full 2MRS galaxy catalogue in H2023. We
notice that the best fit mono- and dipole within the Cold Spot
area was subtracted from the map before calculating the profiles,
such that the mean low temperature of the area is elevated to zero
mean temperature. The grey bands show the spread of the pro-
files taken from 300 simulated maps as well as from 300 random
re-positioning of the 2MRS galaxies within the Cold Spot area.
Clearly, the deep profile of the 2MRS galaxies is at the level of
more than 30 in both cases.

The reason for the deeper profiles in this area of the sky is
still unknown, but one possible explanation could be found in
terms of the degree of HI deficiency as outlined below. How-
ever, insufficient data about HI deficiency limits the possibility
to investigate this further. Therefore, in order to create a realis-
tic model of the Cold Spot, the mean profile we assign to each
galaxy cannot be taken from the full sky mean; rather, it needs to
be calibrated with the actual mean profile within the Cold Spot
area. For the three catalogues, we have created model tempera-
ture profiles for the galaxies in the following manner:

2MRS. We made a fit of the distribution of all galaxy sizes
and profile depths of all spiral galaxies in the 2MRS catalogue
outside the Planck common mask area. We found that a power
law with index 1.3 made a good fit to the relation between phys-
ical galaxy size and profile depth. Using a profile radius of 1.2°
at z = 0.01, we calibrate the profile depth to the mean profile
depth of 2MRS galaxies within the Cold Spot area. As in previ-
ous works (L2023; H2023), we found that mainly galaxies with
physical size larger than 8.5 kpc contribute to the foreground and
we only used these galaxies in the Cold Spot modelling.

HIPASS. We first removed all HIPASS galaxies which are
also present in the 2MRS catalogue as well as galaxies that are
not spirals. As the HIPASS catalogue does not include physical
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Fig. 2. Predicted foregrounds temperature model in the Cold Spot area. Left panel: CMB Cold Spot area. Middle panel: temperature model that we
obtain using a linear profile around large spiral galaxies in the 2MRS and HIPASS catalogues as well as 6dF galaxies. Right panel: density of large
spiral galaxies where all galaxies in the middle panel have been assigned the same profile depth of 1 (except 6dF galaxies which were assigned a
profile depth of 0.2). In the three panels, grey areas indicate [-20, —30] uK contours to guide the by-eye comparison with the CMB.

galaxy sizes, we used Bj magnitudes for the size-depth relation.
We found that only galaxies with Bj magnitude smaller than —18
show a clear temperature profile, and only these are included
in the modelling. In the same manner as for 2MRS we found a
relation between Bj magnitudes and profile depths for the full
catalogue and we calibrated the profile depth using mean depth
in the Cold Spot area (see Fig. 1).

6dF. We first removed all 6dF galaxies which are also present
in the 2MRS and HIPASS. As 6dF has no information on mor-
phology and size, we are unable to perform a detailed modelling
of large spiral galaxies. However, we know that the Eridanus
group as well as the neighbouring NGC 1407 group (described
below) are dominated by spiral galaxies. For this reason, we
obtain the profile of 6dF galaxies in this area (see Fig. 1) and
adjust the profile depth accordingly. We then adopt this profile
to all 6dF galaxies in the Cold Spot area, independently of size,
magnitude, or morphology.

Figure 2 shows the predicted temperature decrement in the
Cold Spot area using this simplified model based on large 2MRS,
HIPASS and 6dF galaxies compared to the CMB Cold Spot area.
We also show a similar map of galaxy density where each galaxy
was assigned a profile depth of 1 (except 6dF galaxies which
were assigned a profile depth of 0.2 as the density of the small
6dF galaxies is very high and dominating). Both in the Cold Spot
model and in the galaxy density map, we can clearly see a strong
resemblance with the Cold Spot, even in the substructure. The
area occupied by the galaxies in this area overlaps to a large
degree by the area covered by the CMB Cold Spot. Our model
does not take into account the unknown relation between profile
depth and galaxy environment that we know exists (H2023). It
also uses a very uncertain relation between the size and abso-
lute magnitude and profile depth. The 6dF galaxy profiles are
even more uncertain, where there is no indication which galaxies
are spiral galaxies. Still, the simplified foreground model gives
a predicted Cold Spot structure with a shape and position which
coincides remarkably well with the CMB Cold Spot.

In Fig. 3, we show the Cold Spot area before and after sub-
traction of the model in Fig. 2. We can see that even with this
simple model, most of the Cold Spot signal is removed after this
correction. This will be discussed further in the next section.

In Fig. 4, we show the kurtosis of wavelet coefficients before
and after the subtraction of the model. We used the same wavelet
scales and scale index numbers as in Vielva et al. (2004) and

we also extended the Planck common mask depending on the
wavelet scale in a similar manner. Before the subtraction, we can
clearly see the original non-Gaussian detection by Vielva et al.
(2004) around the 2—30 level for wavelet scale indices 7, 8, 9,
and 10. After the subtraction, the kurtosis for these scales are
well within 207, while other scales remain practically unchanged.
In order to check if our model may induce a kurtosis excess,
we also added it to 1000 Gaussian simulations. The result was
an increased kurtosis in these simulations for exactly the scale
indices 7, 8, 9, and 10. The 20 upper spread of the simulations
with the model added is shown by the blue line in Fig. 4. The
original 2—30¢ outliers are now well within the 20~ bands, show-
ing that such high values for the kurtosis is common in the sim-
ulations where the galaxy model is added.

Several authors (Zhang & Huterer 2010; Caietal. 2010;
Inoue et al. 2010) have noted the presence of a hot ring around
the Cold Spot. It has even been claimed that the hot ring is more
anomalous than the Cold Spot itself. In Fig. 5, the black line
shows the temperature profile around the centre of the Cold Spot
for the CMB data where we can clearly see the Cold Spot depres-
sion and the corresponding hot ring outside. In the same figure,
we show the corresponding mean Cold Spot temperature profile
for 300 simulated maps where our Cold Spot model has been
added to each simulation. Firstly, we note that the angular exten-
sion of the Cold Spot in our simplified model is slightly smaller,
as can also be seen in Fig. 2. Secondly, a similar hot ring profile
can be seen for the simulations outside the Cold Spot depression,
but slightly shifted inwards due to the smaller extension of the
Cold Spot area. We notice that the mean has been taken only over
the half of the simulations where the mean temperature within a
10° radius is positive. We can therefore see that the model Cold
Spot imprinted on a positive CMB fluctuation creates a hot ring
around the Cold Spot for half of the simulations.

4. Nearby galaxies within z <0.01, a concentration
of late-type galaxies in the Cold Spot region

It is remarkable that in the nearby Universe, the Cold Spot region
is located within the surroundings of the most prominent Local
Galaxy Group complex (Brough et al. 2006). This association is
made up of three individual groups in the process of merging
onto a future cluster with a mass of ~7 x 10'3 M. These three
groups, NGC 1407, NGC 1332, along with the Eridanus group,
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Fig. 3. The Cold Spot area in the Planck SMICA map, before (left panel) and after (right panel) the subtraction of the foregrounds galaxy, based

on the model shown in Fig. 2.

Kurtosis

Wavelet scale index

Fig. 4. Kurtosis of SMHW wavelet coefficients. The grey bands show
the 1, 2, and 30 spread of kurtosis in 1000 Gaussian simulations. The
red dots show the kurtosis of wavelet coeflicients of the Planck SMICA
map before the correction for the galaxy based model. The green dots
show the kurtosis after the correction. The blue line shows the upper
limit of the 20~ band for Gaussian simulations where the galaxy model
was added to each simulation.

have mutual separations of a few Mpc, making them a large over-
density of late-type galaxies. This group system has a very simi-
lar mass to that of the close Fornax cluster. Thus, within the local
50 Mpc A" structures, this complex is only surpassed in mass by
the Virgo cluster.

Having used the galaxies in the Cold Spot area to create
a foreground model, we go on to identify which galaxies and
groups in the different catalogues could be responsible for the
signal. In Fig. 6, we show the Eridanus complex with NGC 1332
and NGC 1407 as well as other groups identified in Brough et al.
(2006) on top of the CMB temperature field in the Cold Spot
area. This plot also shows the four coldest regions or subspots, as
defined in Cruz et al. (2005). We can see the agreement between
some groups of galaxies and subspots of the Cold Spot. Further-
more, in the other panels we show the observed galaxies from the
three different catalogues used in our analysis. Both 6dF panel
and HIPASS panel have a colour-coding defined by the redshift
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Fig. 5. Temperature profile around the centre of the Cold Spot. Black
line: profile from SMICA Planck map. Red line: model profile from
simulated maps.The grey band shows the standard deviation of the pro-
file from simulations.

of the galaxies. In the 6dF panel, we clearly see galaxies clus-
tered around several of these groups, with a predominance of
~0.005 redshifts. On the other hand, the 2MRS catalogue only
contain the larger galaxies and only the late type spiral galaxies
are shown as these are the ones believed to create the foreground
signal (see L2023). In this plot, the colour code is defined by the
galaxy size.

As the angular extension of the temperature decrement
depends upon redshift and the Cold Spot contains several cold
substructures extending over several degrees on the sky, we lim-
ited the colour scale at z < 0.01, where the galaxies will produce
the most extended structures. The galaxies shown as dark red
are therefore beyond this redshift. These still seem to create a
foreground signal, but with a smaller angular extension than the
nearby galaxies.

The region known as the Eridanus complex corresponds to an
extended complex of galaxies and galaxy systems whose dynam-
ics and system composition has been a subject of debate (see for
instance Brough et al. 2006 and references therein). This situ-
ation arises due to the particular dynamical stage of the cloud
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Fig. 6. Galaxy groups and analysed galaxies in the Cold Spot area. In
the upper plots, grey circles show the galaxy groups from Fig. 5 of
Brough et al. (2006). In the lower plots, grey circles show the subspots
as defined in Cruz et al. (2005). In the upper left plot these subspots
are shown as red circles. Upper-left panel: CMB Cold Spot. Right pan-
els: galaxies from 6dF (upper) and HIPASS (lower) catalogues, colour-
coded with redshift. Lower-left panel: 2MRS spirals colour coded with
galaxy size.

of galaxies, probably in the process of accretion onto a future
massive cluster. Among the three main groups in the Eridanus
complex, only NGC 1332 can be associated with one of the four
strongest temperature decrements of the Cold Spot (as can be
seen in Fig. 6). However as the figure shows, both the Eridanus
group and NGC 1407 have visible temperature decrements and
form part of the Cold Spot structure.

While the upper part of the Cold Spot seems to be explained
by these groups, the lower part only contains one grey circle
indicating a small group in this area. While this group coin-
cides with another of the four colder areas of the Cold Spot, so
does a nearby galaxy, which we can see in the 2MRS catalogue.
Whether this local temperature depression is resulting from the
whole group or mainly from the large galaxy is not clear. The
2MRS catalogue also show several large and nearby spiral galax-
ies between this group and Eridanus (Fig. 6). We know that
mostly the larger galaxies produce a temperature decrement.

In 2MRS we can see larger galaxies within or close to three
of the subspots. The subspot on the right hand side, however,
does not have a clear galaxy candidate. Yet when looking at
6dF and HIPASS in Fig. 6, we can see several galaxies nearby,
although their size and properties are unknown. This cold sub-
spot could originate from one or a superposition of several of
these, but could also be a Cold Spot of the CMB itself. In our
simplified model (Fig. 2), this subspot is not well reproduced.

In order to represent galaxy density from these three cata-
logues in the Cold Spot area, in Fig. 7, we applied the model of
L2023 to each of the three catalogues separately. Here, we do
not use any relation between galaxy size, redshift, and shape of

—B60.0 m— 0.0

—260 m—

250

Fig. 7. Temperature angular distribution in the Cold Spot area. In
clockwise direction: CMB Temperature map from Planck 18, 2MRS,
HIPASS, and 6dF foregrounds. Note: in this figure, all galaxies are
included and given the same profile as in L.2023.

the profile. All galaxies are assigned the same profile and in this
way, the figure shows a measure of galaxy density, independently
of galaxy properties. We note that this figure also include all the
smaller galaxies not shown in the previous figures. We confirm
again that the upper part of the Cold Spot is dominated by 6dF
galaxies with some 2MRS galaxies while in the rightmost part
of the Cold Spot there are more HIPASS galaxies.

5. Hl deficiency parameter of foreground galaxies

In a recent study, For et al. (2021) analysed the HI content of
galaxies belonging to the Eridanus group complex. Among
the parameters that are relevant for our analysis is the
hydrogen deficiency parameter, defined as: DEFy, =
log[ My exp] — log[Mp,obs], providing a measure of the fraction of
neutral hydrogen striped from the galaxies. A visual inspection
to the distribution of the HI R-band deficient galaxies in the
plane of the sky (see Fig. 8) suggests that the Cold Spot region
is overabundant in highly deficient HI galaxies.

We followed Dénes et al. (2014) to calculate the R-band
deficiency parameter DEFy, for galaxies in the redshift range
of [0.001,0.01]. Then, we considered four quartiles in DEFy,
of HIPASS galaxies and constructed four deficiency weighted
maps, multiplying them by L2023 foreground map. We find that
the HI deficiency weighting has no significant effect in the orig-
inal foreground map for the first three quartiles. However, as
shown in Fig. 8, the highest quartile makes significantly more
prominent the Cold Spot region, giving a hint that stripping of
material associated with the Eridanus super group region may be
a key ingredient in the generation of the local foreground asso-
ciated with the Cold Spot.

6. Summary and conclusions

We have modelled the CMB temperature decrement in the Cold
Spot area based on the assumption of a systematic decrease in the
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Fig. 8. Foregrounds map weighted by HI deficient galaxies. Upper
panel: HI deficient galaxies superposed to the CMB SMICA Tempera-
ture map. Middle panel: 1.2023; foreground map. Lower panel: 1.2023;
foreground map weighted by the highest HI deficiency quartile.

CMB temperature around large spiral galaxies as in L.2023. We
find that the galaxy density in the area is particularly high due to
the large and nearby Eridanus galaxy group complex. The model
predicts a CMB temperature decrement which to a surprisingly
large degree resembles the CMB Cold Spot, both in shape and
actual temperatures.

We have observed that this temperature decrement is about
three times stronger around individual galaxies in the Cold Spot
area than in other locations with the same area in the CMB (after
having subtracting the mean temperature around the Cold Spot).
Besides, we find that when weighting the full-sky foreground
model L.2023 by the galaxy density of HI deficient galaxies,
the Cold Spot signal increases by a factor three, indicating that
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stripping by tidal interactions may be an efficient mechanism in
the foreground generation and could explain the deeper temper-
ature profiles around galaxies in this area.

The fact that the Cold Spot can be reproduced remarkably
well by modelling the galaxy-induced temperature decrement
and considering that most large scale anomalies of the CMB
arise naturally when such a model is applied to the full sky
(H2023) both add to the increasing evidence for the existence
of an unknown CMB foreground component. This scenario war-
rants further investigation of its properties and possible contam-
ination of the CMB.
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