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ABSTRACT

We confirm, at the 5.7σ level, previous studies reporting cosmic microwave background (CMB) temperatures being significantly
lower around nearby spiral galaxies than expected from the ΛCDM model. Results from our earlier work were disputed in a recent
paper, however, that analysis included areas far beyond the galactic halos, while disregarding the neighbourhood of the galaxies where
the main signal is seen. Here, we limit the present study to pixels that are well within the galactic halos, focussing on galaxies in dense
cosmic filaments and improving the signal-to-noise ratio (S/N), as compared to previous studies. The average CMB temperature in
discs around these galaxies is always much lower in Planck data than in any of the 10 000 Planck-like CMB simulations. Even when
correcting for the look-elsewhere effect, the detection is still at the 3−4σ level. We further show that the largest scales (` < 16) of
the Planck CMB fluctuations are more correlated with the distribution of nearby galaxies than 99.99% of simulated CMB maps. We
argue that the existence of a new CMB foreground cannot be ignored and a physical interaction mechanism should be sought, which
could possibly involve dark matter and could also be linked to intergalactic magnetic fields.
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1. Introduction

In a recent paper, Luparello et al. (2023, hereafter L2023) we
reported that the cosmic microwave background (CMB) tem-
perature measured on discs around nearby spiral galaxies with
a redshift of z < 0.015 is significantly lower than around ran-
domly positioned points on the sphere. The radial temperature
profile around these galaxies is seen to remain low out to dis-
tances of at least 1-2 megaparsecs (Mpc) from the galactic cen-
tre, far beyond the visible galaxy. No physical mechanism for the
lowering of the CMB temperature has been suggested, but given
the large angular extension of the signal from the galactic centre,
an explanation related to dark matter is a possibility.

In Addison (2024, hereafter, A2024) the results of L2023
were reproduced but the significance was disputed. A2024 cor-
rectly pointed out that error bars were underestimated in L2023,
as CMB simulations were not used to calibrate the uncertainty.
However, A2024 still confirmed a significant deviation from
simulations when considering the area of <0.1◦ around galaxies,
while disregarding this segment of the data. Instead, a χ2 test
was performed, using the area from 0.1◦ up to 20◦ from the cen-
tres of the galaxies. This includes areas far outside the galactic
halos and even far outside of groups and filaments where galax-
ies reside. If a physical mechanism associated with the galaxies
is cooling CMB photons, we would expect to see the peak of the
effect close to the galaxy and at least within the extended halo
of each galaxy. Including an area much larger than this region
in the analysis substantially dilutes the significance. Our aim in
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this work is to focus on this inner part of the temperature profile
around the galaxies.

In Hansen et al. (2023, hereafter, H2023) we presented fur-
ther evidence for the presence of this foreground. In particular,
we found a very significant correlation between the positions of
nearby galaxies and cold spots in the CMB over a broad range
of angular scales. None of the 1000 simulated Planck CMB
maps displayed a similarly strong correlation with galaxy posi-
tions. Furthermore, we showed that such a galactic imprint can
explain the presence of a large number of the so-called statistical
anomalies in the CMB (see Planck Collaboration VII 2020 for a
review). In Toscano et al. (2024), we showed that the contami-
nation from this unknown foreground does not significantly alter
the Planck best-fit cosmological parameters, but that it may offer
an explanation for the anomalously strong variation of cosmo-
logical parameters over the sky (Fosalba & Gaztañaga 2021).

We followed up in Garcia Lambas et al. (2024, hereafter,
GL2024) with a study of the non-Gaussian feature known as
the CMB cold spot (Vielva et al. 2004) observed in the south-
ern galactic hemisphere. We found that the only large group
of spiral galaxies within a distance of 100 Mpc resides in the
position of this cold spot. A simple modelling of the unknown
foreground, using a negative temperature profile around galax-
ies in this area, rendered a structure with the same position and
similar morphology as the CMB cold spot, lending further sup-
port to the possibility of a new CMB foreground component.
Finally, in Cruz et al. (2024, hereafter, C2024) a 99.3% correla-
tion between a model of the local dark matter distribution and
the CMB was found. They further show that the signal is highly
consistent over Planck frequencies from 44 GHz to 217 GHz and
therefore seems to follow a blackbody spectrum closely.
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In summary, there are four different studies showing a corre-
lation between galaxies and local matter distribution and CMB
temperature: the strongly negative mean profiles around galax-
ies of L2023; the correlation between the galaxy distribution and
the cold spots in the CMB from large to small scales of H2023;
the nearby Eridanus group of large spiral galaxies positioned at
the location of the CMB Cold Spot in GL2024; and the corre-
lation between the local dark matter distribution and the CMB
in C2024. It was claimed in A2024 that the significance reported
in L2023 is overestimated. Here, we discuss some weaknesses in
the methodology of both L2023 and A2024. We follow up with a
more thorough study on the significance of the detection and the
statistical methodology. We also correct for the look-elsewhere
effect, allowing the free parameters defining the galaxy sample
to vary.

We present the CMB data, galaxy catalogues and samples
used in Sect. 2. The statistical methodology and the different
ways to obtain profiles are described in Sect. 3. Our results are
finally presented in Sect. 4.

2. Data

In this paper, the 2MASS Redshift Survey (2MRS)1 redshift cat-
alogue (Huchra et al. 2012) was used to obtain the properties
of nearby galaxies, including galaxy group identifications and
group masses (Lambert et al. 2020). This flux limited redshift
catalogue comprises galaxy positions, redshifts, K-band magni-
tudes, and morphological types complete up to mk = 11.0. By
construction, this sample homogeneously covers the two galac-
tic hemispheres with galactic latitude of |b| > 10.

We have used the Discrete Persistent Structures Extractor
(DisPerSE)2 (Sousbie 2011; Sousbie et al. 2011) filament finder
to identify galactic filaments in the 2MRS catalogue in the red-
shift range between [0.004, 0.02]. For this aim, we have con-
sidered a homogeneous sample of galaxies with a radius of
r > 8.5 Kpc within a deeper region, z < 0.05, to avoid bound-
ary issues. This galaxy sample is used to provide a suitable
K-band galaxy density field as an input to the DisPerSE code to
derive the filamentary structure of the survey. We adopted a con-
servative persistence parameter of 4σ to avoid spurious structure
detections, following different works in simulated and observa-
tional data (Malavasi et al. 2020a,b; Duckworth et al. 2020a,b;
Galárraga-Espinosa et al. 2022).

We acknowledge the fact that filaments have differ-
ent linear mass densities of dark matter, gas, and stars
(Galárraga-Espinosa et al. 2022). This is an important parame-
ter for characterising different environments, which has impact
on the presence of the foreground signal. We have calculated the
linear K-band luminosity density within a cylindrical volume of
radius 4 Mpc centred on the spine of each filament. For each fil-
ament, the total luminosity is calculated by adding together the
luminosities of all galaxies located within the specified cylindri-
cal region. In cases where a galaxy is associated with multiple
filaments, its luminosity is included only in the filament that is
closest to it. Finally, the total luminosity is normalised by divid-
ing by the corresponding length of the filament to obtain the lin-
ear K-band luminosity density.

We used the foreground-cleaned CMB maps from the
Planck3 Public Release 3 (Planck Collaboration I 2020,

1 http://tdc-www.harvard.edu/2mrs/
2 http://www2.iap.fr/users/sousbie/web/html/index888d.
html?archive
3 http://pla.esac.esa.int/pla

PR3) as well as the recent Planck Public Release 4
(Planck Collaboration Int. LVII 2020, PR4). We tested our
results on CMB maps cleaned with all four official foreground
methods described in Planck Collaboration IV (2020). For
SEVEM, 600 simulated maps created with the PR4 pipeline
were used to calibrate uncertainties and significances. For
the other three methods, there were not enough simulations
available for PR4 and we used PR3 data and simulations in
these cases instead. For NILC and Commander, there are 1000
PR3 simulations available, while for SMICA, an extended set of
10 000 simulations were made during the 2018 Planck release.
Our main results are therefore based on SMICA to improve
measurements of the significances, but consistency tests of all
results were performed with the other methods. In particular, we
always tested the results with the SEVEM PR4 pipeline, as these
maps are expected to have smaller uncertainties and foreground
residuals. We also used the separate frequency cleaned maps
from the SEVEM method, consisting of cleaned CMB maps at
the frequencies 70 GHz, 100 GHz, 143 GHz, and 217 GHz. In
addition, we used the WMAP frequency cleaned maps4 from
the nine-year release (Bennett et al. 2013b) for the frequencies
41 GHz, 61 GHz, and 94 GHz.

For masking possible foreground residuals, we used the
Planck common mask created for PR3 (Planck Collaboration IV
2020), as no new mask was made available from PR4. The mask
covers a large part of the galactic plane as well as resolved extra-
galactic point sources, leaving ∼78% of the sky available for
analysis. We note that the galactic mask overlaps (to a large
extent) with the areas that are not covered by 2MASS either.

Finally, for some tests, we used the simplified model map of
the new foreground described in H2023. As described in more
detail there, this map was created by assigning spiral galaxies,
in the redshift range of z = [0.004, 0.02] of type Sb, Sc, and Sd
of the 2MRS catalogue, with a linear temperature profile; in par-
ticular, the depths of the profile had a quadratic dependency on
size and the angular extent of the profile had a linear dependency
on the local galactic density. The properties of this model was
partially based on observed properties of the foreground. This
model reproduces (to some extent) part of the foreground signal
in certain patches of the sky.

3. Method

3.1. Profile depths

One of our main aims in this work is to study the average CMB
temperature around galaxies. In L2023 and A2024, discs with
a given angular size around each galaxy was divided in a given
number of bands at different angular distances from the galac-
tic centre. The mean temperature within these bands were cal-
culated and averaged over galaxy samples. Due to the large span
among the redshifts of the galaxies in the samples (causing angu-
lar distances of the profiles to represent very different physical
distances), we argue that the size of the discs and bands around
the galaxies should be calculated in projected distance in Mpc.
All the profiles included in this paper are therefore shown as a
function of Mpc – and not degrees.

Previous works have indicated that when looking at galaxies
with fewer neighbours (H2023), a negative radial CMB temper-
ature profile is found, with the temperature increasing towards
zero Kelvin at a distance of up to 1−2 Mpc from the galactic
centre, coinciding with the size of a typical dark matter halo.
4 https://lambda.gsfc.nasa.gov/product/wmap/dr5/m_
products.html
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As most galaxies are not isolated and since we can generally
see the combined profiles from several neighbouring galaxies, it
is difficult to find an exact shape of the radial profile (H2023).
In the same work, we found strong indications of a galaxy prop-
erty dependent temperature profile. In particular, the depth of the
profile was found to increase with galaxy size, but the number of
isolated galaxies within a given size range was too small to draw
any firm conclusions.

Based on the evidence for a radial profile with a large CMB
temperature decrement towards the centre of the galaxy, we have
chosen to focus our statistical measures solely on the innermost
profile bin, where we expect to find the strongest signal and
which minimises the overlap with neighbouring galaxies. This
means, in practice, that we need to average the CMB tempera-
ture over discs of radius 0.2 Mpc over all galaxies in the sample,
while excluding pixels which are masked in the Planck common
mask.

In A2024, a χ2 approach to the significance was attempted,
where all the bins in the temperature profile (also those at large
distances from the galaxy where no signal is expected) were
included. Given that we see a strongly negative profile near the
galactic centre, such a statistic will give weaker and weaker sig-
nificances with a growing number of profile bins included in
the χ2, even with a strong central signal present. The result will
therefore depend on the number of bins included in the profile.
Furthermore, it was noted that the bins are strongly correlated.
We would need a large number of simulations to obtain a reli-
able covariance matrix for the χ2 statistic. The strong correla-
tions indicate that just a few parameters are sufficient to describe
the profile.

Therefore, we chose one single parameter, which is the ‘pro-
file depth’, defined as the temperature value of the first profile
bin covering a disc of radius 0.2 Mpc around the galactic cen-
tre (although in some simulations, when the bin temperature is
positive, we still refer to the first bin temperature as the profile
depth). The value of this profile depth is averaged over galaxy
samples and compared to the temperature value of the corre-
sponding bin in simulations.

Following up the results from H2023, we investigated the
scale dependence of the results. In H2023, we found correlations
between the galaxy field and the CMB independently for both
the largest angular scales ` < 5 as well as for the smaller scales.
In the following, we describe how we tested for the presence of
the foreground signal independently for the largest and for the
smaller scales of the CMB map.
1. First, we investigated to what extent the results depend on

these large scales and tested whether the significance of the
profile depth persists when removing the best estimate of the
low-multipole moments. We calculated the profile depths of
the data map as well as the simulated maps with (1) the best
fit quadrupole removed, (2) all multipoles ` ≤ 5 removed,
and, in some cases, (3) all multipoles ` ≤ 10 removed. In
the latter case, the angular scales correspond to about 15◦–
20◦ on the sky, which is similar to the extension of some
galaxy groups or filaments. We therefore expect that the fore-
ground signal around these structures also will be removed
when removing multipoles above ` ≥ 10, possibly reducing
parts of the signal. We can test this by gradually removing
multipoles until the signal weakens or disappears.

2. For the low-multipole mode maps, which we remove in the
previous step, we tested (as described below) the correlation
of these largest scales with the galaxy density field.

We also demonstrate that the largest scale fluctuations of the
CMB significantly increases the dispersion of profile depths, act-

ing as an additional noise to the profile distribution. If a very
large scale temperature fluctuation is superposed on a filament
of galaxies, it could easily remove or increase the profile depths
for a large number of galaxies. By removing the very first multi-
poles, the dispersion in the simulations is significantly reduced,
thereby increasing the signal-to-noise ratio (S/N) for the temper-
ature profiles.

3.2. The look-elsewhere effect

Due to the above mentioned galaxy size dependency of the pro-
file depth, we found in L2023 that it is necessary to limit the
galaxy sample to galaxies above a certain size limit to see a sig-
nificant foreground signal. The median size corresponding to a
radius of 8.5 kpc of the 2MRS sample used in that work was
the minimum galaxy size used as a basis for the reported detec-
tion. When increasing the minimum galaxy size, while main-
taining a sufficiently large number of galaxies in the sample,
we find that the profile depth and significance of the detection
increase.

A strong dependence on galaxy morphological type was also
observed. Late-type spiral galaxies (Sb, Sc and Sd types) were
found to give the main contribution to the signal. Our aim here
is to compare the profile depth temperature around the large, late
spiral galaxies in Planck data with the corresponding tempera-
ture calculated on CMB simulations. However, given the num-
ber of choices made (such as large versus small galaxies or late
spiral galaxies versus early spiral galaxies and elliptical galax-
ies), it is important to correct for the look-elsewhere effect: in
the data, we looked for the sample of galaxies with the largest
detection that we found to be the sample of large late-type spiral
galaxies. We needed to repeat the same procedure for each sim-
ulation, where we looked at the same possible samples (such as
large, small, and different galaxy types) and recorded the profile
from the sample with the largest detection to compare with the
largest detection in the data. We applied the following procedure
for each CMB simulation and also for the Planck data to correct
for the look-elsewhere effect:
1. We calculated the average profile depth over galaxies in dif-

ferent galaxy samples defined by possible combinations of a
set of galaxy parameters such as small or large (compared to
the median size 8.5 kpc) galaxies, elliptical, early, or late spi-
ral galaxies, different maximum redshifts, or different mini-
mum sizes. We obtained one profile depth temperature, Tsi,
for each sample, s, and simulation, i. We required each sam-
ple to have a minimum of 1000 galaxies in order to avoid
small samples with large fluctuations, but we reduced this
minimum requirement when considering smaller parts of the
sky with fewer galaxies.

2. We then calculated the standard deviation, σs, for each
galaxy sample, s, of the profile depths, Tsi, over simulated
CMB maps, i.

3. To be able to compare the profile depths, Tsi, between dif-
ferent galaxy samples, s, with a different number of galax-
ies in each sample, for the data and each simulation i, and
sample, s, we converted the profile depth temperature, Tsi, to
the number of standard deviations (calculated in the previous
point) away from zero temperature as, Tsi/σs

4. For each simulation and data point, we recorded the value
of the profile depth (in standard deviations), |Tsi|/σs, for the
sample, s, with the largest deviation (in absolute value) for
the given simulation.

5. We plotted the histogram of the recorded maximum (abso-
lute value) profile depths (measured in standard deviations)
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Fig. 1. SMICA Planck map with ` ≤ 2 removed (upper plot), with ` ≤ 5
removed (middle plot) and ` ≤ 10 removed (lower plot). We note the
small quadrupole of the actual CMB sky makes the difference between
the original CMB map and the quadrupole subtracted map invisible by
eye. For this reason, the full SMICA map is not shown.

for all the simulations and compared it to the data. Our mea-
surement of the significance is then the number of simula-
tions with a larger deviation than the data.

3.3. Low multipole correlations

Finally, we followed up on the results of H2023 where we
reported a significant correlation between the largest scales (` ≤
5) of the Planck CMB map and the galaxy distribution map,
where each galaxy is represented with a simple linear foreground
model as detailed in H2023. To reduce the correlations with the
smaller scales in the estimation of the individual large scale mul-
tipole maps, we downgraded the resolution of the CMB map as
well as the galaxy model map to Nside = 4. We applied the galac-
tic common mask before degrading and extend the mask corre-

spondingly. We used a χ2 minimisation approach to estimate all
the individual â`m from ` = 0 to ` = 4 · Nside = 16:

χ2 =
∑

d†C−1d,

where the elements of the data vector is given as

d`m =
∑

Ω

â`mY`m(Ω)M(Ω) − ã`m,

where the sum is performed over all pixels of the map and ã`m
are the pseudo-a`m with the extended mask M(Ω). The coupling
matrix is calculated as

C`m,`′m′ =
∑

Ω

M(Ω)Y`m(Ω)Y`′m′ (Ω).

From the estimated â`m, we create multipole maps for each `
as

M̂`(Ω) =
∑̀

m=−`

â`mY`m(Ω).

In this way, we can obtain M̂`(Ω) for both the CMB map and
the galaxy model map up to ` = 4 · Nside = 16. We use a sim-
ple model map where we construct a linear foreground profile
around each large, late type spiral galaxy with a profile depth of
−10 µK and a radius of 1Mpc. We know that this simple model
is not accurate. It does for instance not take into account possi-
ble galaxy size dependency and galaxy environment density as
in H2023. For this reason, we are only interested in looking for
correlations between the shape of the galaxy distribution and the
CMB map, not the amplitude. We can therefore normalise each
M̂`(Ω) by its standard deviation, obtaining Mnorm

` (Ω) and con-
struct a correlation coefficient up to a given `max as

c`max =

`max∑
`=2

`max∑
`′=2

∑
Ω

Mnorm
`,CMB(Ω)Mnorm

`′,galaxies(Ω),

taking into account correlations and cross-correlations between
the maps. We compare the histogram of these correlation coeffi-
cients for the simulations to the corresponding correlation coef-
ficients for the data, using different values of `max.

The low-` multipole maps estimated from this procedure are
also the same ones used to subtract from CMB maps in order
to study scale dependence and increase S/N for radial profiles
as described above. For removing multipoles above ` > 16, this
procedure becomes numerically unstable due to the lack of small
scale information outside the mask to estimate a`m for higher
multipoles. In this case, we apply a much simpler procedure,
which only removes larger multipole ranges without estimating
individual a`m. We smoothed and downgraded the map to low
resolution and zero a`m for higher multipoles and subtracting the
resulting large scale map outside the mask. For the purpose of
removing large scales, this simplified procedure was found to
give almost identical results to the more exact procedure in over-
lapping multipole ranges. We quantified the error in the profile
depth due to the uncertainty in the low-` removal procedure by
comparing to the profile depth in simulations where exact low-`
removal is possible. In Fig. 1, we see the Planck SMICA map
with the largest scales removed which will be used for calculat-
ing profile depths.
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Fig. 2. Projected radial temperature profile around large (r > 8.5 kpc)
late-type spiral galaxies in the redshift range z = [0.004, 0.02] (2550
galaxies) when considering the full Planck SEVEM PR4 map (black)
line, the map with the quadrupole removed (green line) and the map
with the multipoles ` ≤ 5 removed (red line). The shaded areas show the
95% confidence intervals for the corresponding 600 simulated SEVEM
PR4 maps. The lower map shows the same results but limited to the
1250 galaxies in the 3 areas defined in Fig. 4. The profile of the remain-
ing 1300 galaxies outside these areas is shown with a red dashed line
with the red-white dashed line indicating the 95% confidence interval.

4. Results

4.1. Profile depths

We first explored the sample of galaxies used in L2023, H2023,
and GL2024, where late spiral galaxies with radius larger than
8.5 kpc (which corresponds to the median size of the 2MRS sam-
ple used in L2023, noting that H0 = 100 km/s/Mpc was used
there to convert angular size to physical size; here, we adopt the
same convention) were found to give the largest foreground sig-
nal in the CMB. While these papers focussed on z < 0.015 and
z < 0.017; here, we extended our sample to z < 0.02, giving
a total of about 2500 galaxies. Beyond this redshift, the uncer-
tainty of galaxy type identification increases substantially as can
be seen in Fig. 14 of Huchra et al. (2012), where there is an
unexpected sharp decline in the observed relative fraction of spi-
rals. Given the assumption (discussed in more detail below) that
spiral galaxies dominate the signal, a good morphological iden-
tification is important for correctly identifying the foreground
signal. We note that a different interpretation of the decline in
spiral galaxies is that the spiral fraction locally is considerably
higher than the average in the Universe. In this case, we would
still expect a higher foreground signal for nearby structures and
the z < 0.02 is still a good limiting redshift for this study.

As in H2023 and GL2024, we also limited our sample to
a redshift higher than z > 0.004, as peculiar velocities may
strongly affect the distance to the most nearby galaxies. Also the
large angular areas that the foreground signal from these galax-
ies occupy would contribute significantly to the uncertainties in
the profiles.

In the upper plot of Fig. 2, we see the mean radial tempera-
ture profile around these galaxies out to 6 Mpc from the galac-
tic centre for three different low-` multipole cuts using SEVEM
PR4 data. The corresponding 95% confidence intervals based on
the 600 SEVEM PR4 simulations are shown for each cut. The
plot confirms the profiles shown in other works (L2023, H2023,
GL2024, and C2024) and also shows the reduced spread in the
simulated profiles when the lowest multipoles are removed. We
can see that for the maps with the quadrupole removed as well
as the case with ` ≤ 5 removed, the profiles are well outside the
95% confidence interval out to several Mpc and actually follow
closely the 99.7% confidence interval (not shown), but the indi-
vidual bins of the profiles are highly correlated. We note that the
difference between the profiles for the full map and for the map
with the quadrupole removed is very small because of the small
value of the quadrupole in the Planck CMB map. However, the
distribution of these profiles in simulations shows that the maps
with the quadrupole removed have much less scatter. For this
reason, the detection of the foreground is much more significant
for the case with the quadrupole removed.

As explained above, here we focus on the first bin of the pro-
file, covering a radius of 0.2 Mpc around the galaxy spanning an
angular radius of about 0.25◦ at z = 0.01. The two upper plots of
Fig. 3 shows the distribution of the temperature of this first bin
in simulations as well as in the data. Results from maps based on
different `-cuts are shown in the middle plot and the case with
` ≤ 5 removed for all 4 Planck foreground subtraction methods
are shown with their respective simulations in the upper plot. We
see that in all cases the detection is about 3σ with, depending
on the `-cut, only 0.0012% to 0.006% of the simulations show-
ing a larger detection. In the middle plot, we see clearly that
the width of the distribution of profile depths is getting narrower
when more large scale multipoles are removed, increasing the
S/N for the profile depth which depends on smaller scale fluc-
tuations. Clearly the foreground signal not only persists when
removing the largest scales, but its significance even increases
showing that the a significance part of the signal originates from
smaller scale fluctuations of ` > 10.

In L2023, it was shown that galaxies in dense environments
generally show a stronger signal. Here, we focus on the case
with the strongest detection when ` ≤ 5 is removed to investi-
gate whether the signal is localised to a certain part of the sky or
whether all galaxies in different parts of the sky display a simi-
lar signal. Figure 4 shows the foreground model map of H2023.
Cold areas show the largest density of late spiral galaxies. We see
that there are three areas in the sky where the nearby galaxies are
densely clustered in filaments. We name these areas A, B, and C.
The red dots indicate the positions of all the most massive galaxy
groups within z < 0.02 and we see that their positions coin-
cide with these areas. When looking at the projected filaments
of nearby galaxies, focussing on filaments with linear K-band
luminosity density above the mean value (∼1011.75 Mpc−1 L�),
we see that these denser structures are mainly concentrated in
these three circular regions in contrast with the low density fila-
ments which cover homogeneously the whole sky.

We calculated the profile depth of late spiral galaxies in each
of these areas. The upper plot of Fig. 4 shows the significance of
the profile depth in each area for the case with ` ≤ 5 removed.

A184, page 5 of 12
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Fig. 3. Distribution of the first temperature profile bin of Fig. 2 cal-
culated on simulated maps. Upper plot: ` > 5 case for SEVEM PR4
(corresponds to the first bin of the red line in Fig. 2), shown as a green
vertical line. The green histogram shows the distribution of this first bin
from simulations (corresponding to the first bin of the red shaded area in
Fig. 2). The corresponding results for the other three Planck foreground
subtraction methods (from the Planck PR3 release), SMICA (10 000
simulations), NILC (1000 simulations), and Commander (1000 simu-
lations) are also shown. Middle plot: Same results for SMICA (10 000
simulations) only for the four cases: only mono and dipole removed,
quadrupole removed, ` ≤ 5 removed, and ` ≤ 10 removed. Lower plot:
Same as in the middle plot, but for galaxies in dense environments only
(defined by the circles in Fig. 4) and with the x-axis in units of standard
deviations of the Gaussian fit to the histogram for the l > 2 case shown
as a blue line. In the upper two plots, the number of simulations with a
smaller profile depth than the data is shown in brackets.

Table 1 presents the local significance for different cases as well
as the total significance considering all the 3 areas of densely
clustered spiral galaxies. The profile depth averaged only over
all large spiral galaxies outside these areas shows no significant

Fig. 4. Three circular areas around the extended filaments with the high-
est galaxy density, denoted area A, B, and C. Upper plot: Map show-
ing the galaxy foreground temperature model from H2023. The model
shows high galaxy density of nearby (z < 0.017) galaxies as low tem-
perature. Red dots show the positions of massive (>1013 M�) galaxy
groups containing large spiral galaxies within z < 0.02. The signifi-
cance of the profile depth in Planck SMICA maps with ` ≤ 5 removed
for spiral galaxies within the given zone is quoted in standard deviations
calibrated on 10 000 simulations. Middle and lower plot: Projected dis-
tribution of filaments for the redshift range z ∈ [0.004, 0.02] for both the
total sample (middle panel) and the highest linear K-band luminosity
density (lower panel). The dotted pink lines represent 2MRS galaxies
with a perpendicular distance of less than 4 Mpc to the filaments.

foreground signal. As a measure of galaxy density, we find that
the mean distance to the fifth neighbour galaxy is on average
1.7± 1.1 Mpc within areas A+B+C whereas for galaxies outside
these areas, the mean distance to the fifth galaxy of 2.5±1.6 Mpc.

We see that when considering only the galaxies within dense
filaments (a total of about 1250 galaxies, half of the total num-
ber of large spirals in this redshift range), the significance of the
profile depth increases to 5.7σ when the largest scales have been
removed. The histogram of the corresponding profile depths in
the 10 000 SMICA simulations is shown in the lower plot of
Fig. 3 with a Gaussian fit, showing that the distribution is close
to Gaussian, validating the use of standard deviations as a mea-
sure of significance. We can see from Table 1 that the three
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Table 1. Significances in areas A, B, and C for the SMICA map.

Galaxies in... Centre `, b Radius Full map l > 2 l > 5 l > 10

Area ABC NA NA 8/104 (−3.18σ) 0/104 (−4.23σ) 0/104 (−5.72σ) 0/104 (−5.67σ)
Area A 290◦, 40◦ 35◦ 639/104 (−1.53σ) 323/104 (−1.87σ) 27/104 (−2.79σ) 19/104 (−2.99σ)
Area B 340◦, −25◦ 30◦ 118/104 (−2.29σ) 39/104 (−2.73σ) 30/104 (−2.77σ) 20/104 (−2.88σ)
Area C 170◦, −45◦ 40◦ 142/104 (−2.14σ) 1/104 (−3.63σ) 0/104 (−4.58σ) 1/104 (−4.28σ)

Notes. We show the significances of the profile depth for galaxies in the areas A, B, and C (see Fig. 4) as well as the total significance over all
three areas. Significance is quoted as the number of SMICA simulations (among 10 000) with a lower profile depth and the number of standard
deviations in parenthesis, assuming a Gaussian distribution.

Table 2. Profile depth in areas A+B+C for larger multipole cuts.

`-cut Distance from zero temp. `-cut Distance from zero temp.

` > 5 (full procedure) −5.7σ ± 0.4σ
` > 5 −5.9σ ± 0.4σ ` > 128 −2.5σ ± 0.2σ
` > 16 −5.1σ ± 0.2σ ` > 256 −3.1σ ± 0.3σ
` > 32 −4.5σ ± 0.2σ ` > 512 −1.2σ ± 0.6σ
` > 64 −3.5σ ± 0.2σ ` > 1024 −2.5σ ± 1σ

Notes. Profile depth in areas A+B+C for large galaxies in the SMICA map. The profile depth is measured in terms of standard deviations away
from zero temperature for the given multipole cut. If not otherwise stated, the multipoles have been removed using the simplified method described
in the text. The errors in the profile depth is due to the uncertainty in the multipole removal.

areas show significantly negative profiles, but area C is by far
the most significant area. We find that galaxies in the Cold Spot
area are contributing substantially to the high significance of area
C. In GL2024, it was found that the Cold Spot shape to a large
degree can be reproduced considering a foreground signal from
the galaxies in this area. Not considering galaxies within a radius
of 10 degrees around the Cold Spot, the significance for the case
with ` ≤ 5 removed, drops from 4.8σ to 2.3σ in area C, similar
to the area A and B, and the total significance for the whole area
A+B+C falls from 5.7σ to 4.4σ. The contribution from Cold
Spot galaxies is important, but the signal is still highly significant
when these are excluded and the signal is then evenly distributed
around the filaments of high galaxy density. The full profiles,
considering only the galaxies either within or outside the areas
A+B+C, are shown in the lower plot of Fig. 2.

The simulated maps used to calibrate the standard devi-
ation are based on the Planck best-fit ΛCDM model. The
power spectrum for small multipoles ` < 30 (and in particu-
lar the quadrupole) are well known to be lower than expected
in this model (see Planck Collaboration XV (2014) and refer-
ences therein). The difference between the actual power spec-
trum and the simulated ones based on the standard ΛCDM model
could therefor give rise to a biased distribution of profile depths.
Therefore, we produced a set of simulations based on the best fit
Planck power spectrum (and not the best-fit model), combined
with the Planck noise simulations. We tested two of the most sig-
nificant cases and found that for ` > 1 using galaxies inside the
areas A+B+C, the significance increased from 3.18σ to 3.7σ.
Similarly for the ` > 5 case, the significance increased from
5.7σ to 5.9σ. Taking the above results and consideration into
account, this is easily understood: the Planck power spectrum
has lower low-` power than the simulations based on the model.
A smaller large-scale structure reduces the scatter of small-scale
profile depths in the same manner as when removing the multi-
poles. We conclude that the difference between simulated maps
and the real data due to the low-` anomaly gives rise to a slightly
underestimated significance.

To further study the scale dependence of the effect, we focus
on the most significant case, and remove multipoles in inter-
vals from ` < 16 to ` < 1024 using the simplified procedure
described above. In Table 2 we show the results. We can see that
the foreground is strongest at lower multipoles 5 < ` < 128,
but present at the 2.5σ level even at ` > 1024, even though the
uncertainty due to multipole removal is larger. At this scale we
are approaching the scale of the inner bin of 0.2 Mpc for which
we measure the profile depth. The rapidly increasing error of
the multipole removal at smaller scales is due to uncertainty
around the point source mask. We conclude that the signal seems
present, both at the scale of the cosmic filaments around the
galaxies, but also to some extent at the scales of the individual
galactic halos.

4.2. Correcting for the look-elsewhere effect

We went on to correct for the look-elsewhere effect by, for each
simulation, recording the largest (positive/negative) mean profile
depth found when considering possible combinations of sam-
ples with (1) small or large galaxies, (2) type of galaxy (early,
late, or elliptical), and (3) galaxies close or distant to dense fil-
aments (the three zones in Fig. 4). As described above, it varies
from simulation to simulation which of these samples gives the
largest (absolute) profile depth and we optimise the sample con-
figuration for each simulation and compare the largest (absolute)
profile depth with that found in Planck data. For Planck data, the
optimal configuration is, as described above, late type large spi-
ral galaxies inside the 3 regions of high galaxy density.

The results are shown as a histogram of deviations in Fig. 5.
The recorded profile depth for each simulation is measured in
the number of standard deviations for the given sample consid-
ered. A smaller sample of galaxies, such as one with elliptical
galaxies will have a larger spread of mean profile depths due to
the increased statistical uncertainty. Measuring profile depth in
units of standard deviations from zero Kelvin calibrated on sim-
ulations for the given sample instead of in units of temperature,
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Fig. 5. As in Fig. 3, we show the distribution of the first temperature
profile bin, but now measured in the number of σ deviations from the
mean temperature value. For each simulated CMB map, the temperature
of the first profile bin is calculated for the combinations of the samples
of smallest/largest galaxies, early or late spirals or elliptical galaxies,
and galaxies outside or inside dense galaxy filaments. Of these com-
binations, the value of the combination which maximises the absolute
value deviation from the mean profile for each given simulation is plot-
ted in the histogram. The vertical lines show the deviations obtained in
the same manner for the Planck data. The case SMICA with 10 000 sim-
ulations for the four cases: only mono- and dipole removed, quadrupole
removed, ` ≤ 5 removed and ` ≤ 10 removed are shown as well as
SEVEM PR4 with ` ≤ 5 removed. The number in brackets show the
number of simulations with a higher deviation than the data.

we obtain numbers which can be compared between the different
samples. We see in the figure that even when correcting for all
these factors, the significance remains above the 3−4σ level for
the maps with the largest scales removed as none of the 10 000
simulated maps show similarly large absolute profile depth for
the individual optimal samples.

We repeat the previous exercise, but now extending the space
of possible parameters by also allowing the size and redshift
ranges to vary. For each simulation, we also found the combina-
tion of maximum redshift and minimum galaxy size which gave
the largest temperature deviation in the first bin for the given
simulation. We note that we restrict the maximum possible red-
shift to z < 0.25 beyond which the galaxy classification is highly
uncertain. The maximum deviation for the simulations as well as
the data is shown in the histogram of Fig. 6. Again, we first show
the case where the multipoles ` ≤ 5 have been removed for all
4 foreground subtraction methods. Then we show for SMICA,
4 different multipole cuts. We find again up to 3 − 4σ detection
depending on the number of multipoles removed, even when cor-
recting for optimal redshift and galaxy size in each simulation.
For the data, we found for all foreground subtraction methods
that the optimal minimum galaxy size is r > 8.5 kpc and maxi-
mum redshift z < 0.019.

Finally, in addition the above parameters, we also allowed
the minimum multipole to vary. For the main `-ranges used in
this paper, ` > 1, ` > 2, ` > 5, or ` > 10, we calculated all pro-
file depths for all 10 000 SMICA simulations. We allowed for an
extended analysis where, for each simulation, the profile depth
of the combination of minimum galaxy size, maximum red-
shift, galaxy type, and areas inside and outside of ABC and the
minimum `-multipole, which maximise the detection in either
positive or negative temperature is recorded and shown in the
histogram of Fig. 7. We see that even when correcting for the
look-elsewhere effect for all these CMB and galaxy parameters,

Fig. 6. As in Fig. 3, we show the distribution of the first temperature
profile bin for galaxies in massive filaments, but now measured in the
number of σ deviations from the mean temperature value. For each sim-
ulated CMB map, the temperature of the first profile bin is calculated
for all galaxy samples with the combinations of maximum redshifts up
to z < 0.25 in steps of ∆z = 0.01 and all possible minimum sizes in
steps of 0.5 kpc, early, late spirals, or elliptical galaxies and galaxies
outside or inside dense galaxy filaments. The sample of galaxies with
the combination of maximum redshift, minimum galaxy size, galaxy
type and inside or outside filaments that maximizes the deviation (pos-
itive or negative deviation) from the mean profile depth for each given
simulation is used and the corresponding deviation plotted in the his-
togram. The vertical lines show the deviations obtained in the same
manner for the Planck data. Upper plot: Results for maps with multi-
poles ` ≤ 5 removed for different foreground subtraction methods and
the lower plot shows only SMICA results for the four cases: only mono-
and dipole removed, quadrupole removed, ` ≤ 5 removed and ` ≤ 10
removed. The number in brackets show the number of simulations with
a higher deviation than the data.

the data still show a stronger detection than 10 000 simulated
maps.

4.3. Frequency dependence

Finally, we looked for frequency dependence of the profile
depth, using the configuration with highest S/N and highest sig-
nificance. For large spiral galaxies within areas A+B+C, we find
for maps with ` ≤ 5 removed a 5.7σ detection compared to sim-
ulations and a profile depth of −27 µK. In C2024, they found
a consistent signal profile over the full frequency range from
44 GHz to 217 GHz using the SEVEM frequency cleaned maps
from the Planck release. Here, we repeated the estimation of
the profile depth for the same maps, using only areas A+B+C
and with ` ≤ 5 removed. The variations around −27 µK are
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Fig. 7. Same as Fig. 6, but now in addition to the other parameters, also
adjusting for the multipole cut (` > 1, ` > 2, ` > 5 or ` > 10) which
optimises detections for each simulation.

Fig. 8. Same as Fig. 6, but only for the 10 000 SMICA simulations and
with galaxy type fixed for the three different galaxy types, early spirals,
late spirals, and elliptical galaxies. The number in brackets show the
number of simulations with a higher deviation than the data.

small and always <1 µK. Comparing to the simulated SEVEM
frequency maps, this tiny difference is significantly larger than
found in simulations, but we found this difference consistent
with expected thermal SZ effect in this area. Using the Planck
derived map of the Compton y-parameter from Chandran et al.
(2023), we calculated an averaged y-parameter around the same
galaxies used to estimate the profile depth. As these are spiral
galaxies, no significant SZ effect is expected. We found an aver-
aged y-parameter of y = 1.8 × 10−7 which corresponds to the
∼1 µK differences found between low and high frequencies.

We note that the SEVEM frequency cleaned maps are cre-
ated using templates based on difference maps between other
frequency channels. These templates are fitted and subtracted
from a given frequency channel. If the signal is present in all
frequency channels and also frequency dependent, the signal
would also be present in the templates and the effect could be
removed or amplified through the SEVEM template subtraction
process. To avoid this possible under- or over-subtraction in the
frequency maps, we tested the cleaned WMAP frequency maps.
The cleaned publicly available WMAP maps at 41 GHz, 61 GHz
and 94 GHz for the final nine-year results (Bennett et al. 2013b)
are also based on a template subtraction method with a combina-
tion of external templates, but also one internal template based
on the difference between two frequency maps. This could again

lead to under- or over-subtraction of the new foreground. How-
ever, in the WMAP 1st year results, only external templates were
used for foreground subtraction. In this case, we did not expect
the unknown foreground to be significantly affected by the tem-
plate subtraction. We therefore applied the WMAP 1st year fore-
ground subtraction method (Bennett et al. 2003a) on the nine-
year data and still find no significant frequency dependence on
the profile and the profile depth is consistent with the Planck pro-
file depth. Also, when the official foreground cleaned WMAP 9
year maps were used, no frequency dependence on the profile
depth was found in the range 41–94 GHz. We conclude that the
unknown foreground is very stable over the full frequency range
from 41–217 GHz, and is consistent between the two experi-
ments and different foreground subtraction methods.

4.4. The role of elliptical galaxies

In L2023, we found that the foreground signal mainly origi-
nates around late type spiral galaxies. It was shown that the inner
parts of the temperature profile around elliptical galaxies show
no significant signal, but with a foreground signal appearing and
increasing at larger distances from the galaxy. As galaxies tend
to cluster, this was interpreted as a signal from neighbouring
spiral galaxies and not from the elliptical galaxies themselves.
In C2024, temperature profiles for different types of galaxies
including late spirals and elliptical galaxies, are shown to be very
similar (their Fig. 3B). They concluded that all types of galaxies,
including elliptical galaxies, show a foreground signal, in con-
tradiction to the results and conclusions of L2023.

Figure 8 is similar to Fig. 6, but showing the result for the
10 000 SMICA simulations for the three galaxy types, early spi-
rals, late spirals, and elliptical galaxies. We clearly see that the
signal is much more significant for late spiral galaxies and a pos-
sible 7% effect for early type spiral galaxies. However, elliptical
galaxies do not show any foreground signal.

It is important to note that the number of elliptical galaxies is
much smaller than the number of spiral galaxies. If the tempera-
ture profile for elliptical galaxies are indeed similar to the profile
for spiral galaxies as claimed in C2024, the profile of the ellipti-
cal galaxies could still not show a significant foreground signal
simply because the errors and thereby the distribution of profiles
in simulations is much larger. In Fig. 9 we show the profiles of
SEVEM PR4 maps around elliptical galaxies out to 6 Mpc as we
did for late spirals in Fig. 2. We also plot the profiles for late
spirals as dashed lines for comparison. First of all, we can see,
as expected due to the small number of ellipticals, that the dis-
tribution in the simulation is much wider comparing to the dis-
tribution for spirals in Fig. 2. For some of the bins, spirals and
ellipticals show similar profiles in terms of temperature values,
but for the elliptical galaxies these same values are not signifi-
cant and mostly within the 95% confidence level.

The upper plot of Fig. 9, showing the profiles of galaxies in
all environments, confirms the results of L2023. In this panel,
the innermost 1-2 profile bins have nearly zero temperature, but
for bins more distant than 0.5 Mpc, the signal is much stronger
and to a large degree follows the profile of spiral galaxies. In the
lower plot, showing galaxies in high density environments, the
change in bin 1-2 is not seen and the profile is consistently low
over larger distances, but again not significant due to the large
uncertainty.

In C2024, the inner 0.2◦ of the profile is not shown. In that
paper, the first profile bin starts at an angular distance of 0.2◦
from the galaxy and can therefore be considered consistent with
our results since the part of the profile which shows almost zero
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Fig. 9. Same plots as in Fig. 2, but now for elliptical galaxies (shaded
areas and solid lines). The results for late type spiral galaxies from Fig. 2
are present as dashed lines. Upper plot is the profile taken over galax-
ies in the full map, lower plot for galaxies within the 3 regions A, B,
and C only. The blue lines in the upper figure show the profiles calcu-
lated on the foreground model map of H2023 (shown in Fig. 4) where
only late type spiral galaxies are assigned a synthetic profile. The solid
blue line shows the profile taken around elliptical galaxies in this model
whereas the dashed blue line shows the profile taken around late type
spiral galaxies.

temperature is omitted in their work. We therefore find full con-
sistency with the profiles of C2024 taking into account the same
part of the profile (although a direct comparison is difficult since
they use angular distances and not projected distances in Mpc
as we do here). The reason for masking the inner 0.2◦ (as was
done in C2024 but also in H2023) is to avoid possible emis-
sion from the visible galaxy. Since such an emission would nec-
essarily increase the temperature profile and in this way lower
the detection of the new foreground. We therefore consider the
results using this inner bin a conservative result. Still we have
tested using the profile bins within [0.2 Mpc, 0.6 Mpc] instead of
the profile depth and find that the results reported here are not
significantly altered.

In L2023, we suggested that the profile for the ellipticals
shown in the upper plot of Fig. 9 where there is almost zero aver-
age temperature close to the elliptical galaxies can be explained
by neighbouring galaxies giving the signal at larger distances.
This is also consistent with the fact that the profile in the lower
plot of Fig. 9 for denser environments, shows low temperatures
also closer to the elliptical galaxies. In the upper plot of Fig. 9,
we show in blue colour the profiles for spirals and ellipticals
calculated on the foreground model map of H2023 (shown in
Fig. 4). This map was created assigning synthetic profiles with

varying amplitude and widths depending on galaxy size and
environment to the late spiral galaxies of 2MRS. We see that
although a profile was only assigned to late type spiral galax-
ies, the temperature profile around spiral and elliptical galaxies
are similar, as we also see in the actual data. We cannot rule out
the possibility that elliptical galaxies also show a foreground sig-
nal. If ellipticals had emission from the visible part of the galaxy
cancelling the new foreground signal and this emission is not
seen in spirals, the profiles of Fig. 9 could be explained. How-
ever, the above evidence and arguments seem to indicate a much
weaker or non-existent foreground signal from elliptical galax-
ies. This is also supported by the observation in GL2024 that the
nearby elliptical dominated Fornax cluster does not show any
low temperature feature in the CMB whereas the foreground sig-
nal from its neighbouring spiral dominated Eridanus group may
be responsible for the CMB Cold Spot, as argued in GL2024.

4.5. Low multipole correlations

Finally, Fig. 10 shows the distribution of correlation coefficients
between the normalised low multipole maps of the CMB sim-
ulations and galaxy model map. The plots show results when
including all multipoles less than or equal to `max = 5, `max = 7,
`max = 10 and `max = 16 for the maps reduced to HEALPix reso-
lution Nside = 4. Consistently with the above results for the pro-
files, the largest scales ` ≤ 5, show little correlation. For ` > 5
the correlation increases rapidly as one would expect given the
angular extent of the foreground signal. For `max = 16, only 1
of 10 000 CMB simulations shows a larger correlation with the
galaxy model map than the Planck data itself.

We have thus confirmed the presence of the signal for large
angular scales and small angular scales independently. For the
largest angular scales, we find a strong correlation with the
galaxy distribution map. When removing these scales from the
CMB map, we still find a very significant negative profile depth
around these same galaxies in the smaller scales.

5. Discussion and conclusion

We have confirmed that the average CMB temperature in discs
around large spiral galaxies in average is lower compared to
the corresponding mean disc temperature measured in simu-
lated CMB maps at the 3σ level. After separating the largest
and smallest scales of the CMB maps, we found strong correla-
tions with the galaxy distribution, independently in the two mul-
tipole ranges. Removing the largest scales increases S/N for the
average disc temperature and increases the significance to the
5.7σ level for galaxies in the regions of the nearby cosmic fil-
aments denoted by A, B, and C in Fig. 4. Of 10 000 simulated
maps, none show a similarly low average temperature around
galaxy positions. For the largest scales, we find that the correla-
tion between the low multipoles ` < 16 of the Planck CMB map
and a map of nearby large spiral galaxies is significant at the
99.99% level. Correcting for the look-elsewhere effect, we find
the result to be very stable with respect to the choices of galaxy
samples with different parameters, such as redshift and size.

With such a strong detection, the existence of an unknown
process removing or cooling CMB photons in and around galax-
ies has been confirmed. In A2024, the significance of the ear-
lier detections was disputed, but here we have corrected some
common weaknesses in the approaches of both A2024 and pre-
vious papers (L2023, H2023), showing that the significance is
much larger. Instead of a χ2 approach including temperatures at
huge distances from the galaxies, we focus our attention to a
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Fig. 10. Correlation coefficients between CMB maps and the galaxy distribution map for low multipoles. Histogram shows correlation coefficients
between the galaxy distribution map and simulated CMB maps, vertical line shows the same using the Planck CMB map. Clockwise from the
upper left plot we show the correlation results with upper multipoles `max = 5, `max = 7, `max = 10 and `max = 16. The number in brackets show
the number of simulations with a higher correlation coefficient than the data.

disc around the galactic centre where the signal is expected to be
found if the physical origin is related to the galactic halo.

The physical mechanism behind the signal is hitherto
unknown. Given the foreground signal extends far beyond the
extension of the visible galaxy, an explanation in terms of a dark
matter induced signal is speculative, but highly relevant. If the
signal arises from interactions of photons with dark matter par-
ticles in galactic halos, the process needs to preserve the black
body spectrum over Planck frequencies. Above, we discuss how
the temperature profiles observed around elliptical galaxies may
be interpreted as a signal from the neighbouring spiral galaxies
– and might not be originating in the elliptical galaxies them-
selves. If this were the case, a hypothesis of photons interact-
ing with dark matter appears inconsistent. The main differences
between spiral galaxies and elliptical galaxies is the rotation and
stronger magnetic fields of the former. Another difference is the
higher density of ionised gas in elliptical galaxies giving rise to
Sunyaev-Zeldovich effect and X-ray radiation from clusters of
galaxies.

One step on the path to establishing an explanation is to find
the properties of the galaxies causing the signal and, in particu-
lar, to test whether the same kinds of galaxies are giving rise to
the signal in different parts of the sky. By repeating the above
procedure and searching for the galaxy properties that optimise
the foreground signal in each of the regions A, B, and C sepa-
rately (see Fig. 4), we find that in all three regions, the late-type
spiral galaxies are the ones giving the lowest profile depth. In
Table 3, we show the redshift and size ranges (allowing both the

lower and upper redshift and size ranges to vary), which give the
largest detection in each of these areas. The redshift ranges are
very consistent, suggesting that in general the signal originates
from late type spiral galaxies with size larger than about r = 8
kpc and for redshifts less than about z = 0.02. The reason for this
upper limit in redshift may arise from the increased uncertainty
in galaxy morphology determination, as discussed above.

The galaxies in the three regions A, B, and C that alone
appear to give rise to the entire foreground signal, divide the
total sample of nearby large spiral galaxies into two approxi-
mately equal fractions. The galaxies within these regions reside
in the most dense galactic environments, whereas the mean
density around the galaxies outside of these regions is much
smaller. These areas also contain nearby dense cosmic filaments
and comprise the most massive spiral dominated galaxy groups
within z < 0.02. The exact position and radius of these three
circles were chosen by-eye, but we have seen that the results do
not change substantially with small shifts in position and radius,
as long as the densely populated filaments are kept inside the
rings. For instance, increasing or decreasing the radius of these
areas with 5◦, the significance remains at the level of >5σ. The
foreground signal clearly originates in environments with a high
density of large spiral galaxies. We cannot exclude the possibil-
ity that the signal is also present in less dense areas, as a weaker
signal could be confused by the CMB fluctuations themselves.

We also tested whether the signal mainly originates in the
galaxy position centres in the groups within these filaments or
otherwise, as well as whether galaxies outside of the groups do
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Table 3. The best fit z- and size range of late spiral galaxies within each
of the areas A, B, and C.

Galaxies in... z-range Size range

Area A z = [0.004, 0.019] [7 kpc, 15 kpc]
Area B z = [0.004, 0.020] [9 kpc, 16 kpc]
Area C z = [0.004, 0.016] [9 kpc, 23 kpc]

Notes. The z-range and size range of late spiral galaxies within each of
the areas A, B, and C which gives the most significant profile depth,
requiring at least 200 galaxies in the sample. Both lower and upper red-
shift and size ranges were adjusted in order to optimise the profile depth.
Results based on SMICA maps.

contribute significantly. Looking at spiral galaxies within 2 Mpc
of the galaxies in these groups (adopting a minimum group mass
of 1011 M�), we find a 5σ detection alone for these about 700
galaxies. For the remaining 500 galaxies (which are in projection
to these dense cosmic filaments: areas A, B, and C), but outside
the large groups in these areas, we still found a 3σ detection. The
signal is stronger close to the spiral dominated galaxy groups,
but it is clearly present also in less dense environments within the
dense filaments. We also find that displacing the galaxy positions
randomly by fractions of a Mpc, the significance starts declining,
showing that the foreground signal is indeed related to the galaxy
positions, although some part of the signal persists to several
Mpc outside the galaxies.

Given that the foreground signal appears concentrated in
dense galactic environment with large spiral galaxies as a tracer,
the hypothesis of a relation to magnetic fields is highly plau-
sible. CMB photons arriving from the parts of the sky where
the new foreground is strongly present have travelled through
several Mpc of galactic and intergalactic magnetic fields. Some
hypothesised dark matter particles, in particular, axion-like par-
ticles (ALP), are known to exhibit a plausible property of being
created from photons in magnetic fields; thus, given the time
the photons spend passing through the galactic fields in dense
galactic environments, the probability of this to occur would be
much higher for these CMB photons. We refer to Mondino et al.
(2024) and references therein for a study of this effect on large
scale structure. Intriguing results on the existence of ALPs have
been found from measurements of cosmic birefringence, as per
the recent update by Eskilt et al. (2023).

The effect of photons being converted to ALPs has been stud-
ied in the context of clusters of galaxies (Schlederer & Sigl 2016;
Metha & Mukherjee 2024), but as shown in these works, spectral
distortions are expected, which is not consistent with our obser-
vations. The frequency dependence may depend on properties of
the magnetic field and the plasma through which the CMB pho-
tons pass (Wang & Lai 2016; Mondino et al. 2024); however, we
find that the observed temperature decrement only changes by at
most a few percent between 41 GHz and 217 GHz. If the hypoth-
esis of photons being converted to unknown particles in magnetic
fields is correct, we would have to look for particles for which this
process to a large degree maintains the CMB black-body shape in
the microwave range of the electromagnetic spectrum. The strong
galaxy density dependence of the effect makes another kind of par-
ticle a potential candidate; namely, particles that change proper-
ties depending on the environment (chameleon particles; see e.g.
Brax et al. 2007; Davis et al. 2011).

An important next step for understanding the origin of the
cooling of the CMB around galaxies is to test the presence of
a similar effect at larger redshifts z > 0.02. In a forthcoming
study, we will use other redshift catalogues with more reliable
morphological classifications of the galaxies at higher redshifts.
Although there are no other full-sky redshift catalogues available
at present, increasing the redshift ranges in catalogues with a
limited sky coverage may still maintain a high number of galax-
ies and, therefore, low uncertainties. The CMB polarisation sig-
nal is another important source of information, which could shed
light on the origin of the new foreground and which will be stud-
ied in a forthcoming paper.
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