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Abstract: According to cosmic microwave background (CMB) measurements, baryonic
matter constitutes about 5% of the mass-energy density of the universe. A significant
population of these baryons, for a long time referred to as “missing”, resides in a low density,
warm-hot intergalactic medium (WHIM) outside galaxy clusters, tracing the “cosmic web”,
a network of large scale dark matter filaments. Various studies have detected this inter-
cluster gas, both by stacking and by observing individual filaments in compact, massive
systems. In this paper, we study short filaments (< 10 Mpc) connecting massive clusters
(⟨M500⟩ ≈ 3 × 1014 M⊙) detected by the Atacama Cosmology Telescope (ACT) using the
scattering of CMB light off the ionised gas, a phenomenon known as the thermal Sunyaev-
Zeldovich (tSZ) effect. The first part of this work is a search for suitable candidates for high
resolution follow-up tSZ observations. We identify four cluster pairs with an intercluster
signal above the noise floor (S/N > 2), including two with a tentative > 2σ statistical
significance for an intercluster bridge from the ACT data alone. In the second part of this
work, starting from the same cluster sample, we directly stack on ∼100 cluster pairs and
observe an excess SZ signal between the stacked clusters of y = (7.2+2.3

−2.5) × 10−7 with a
significance of 3.3σ. It is the first tSZ measurement of hot gas between clusters in this range
of masses at moderate redshift (⟨z⟩ ≈ 0.5). We compare this to the signal from simulated
cluster pairs with similar redshifts and separations in the THE300 and MAGNETICUM
Pathfinder cosmological simulations and find broad consistency. Additionally, we show that
our measurement is consistent with scaling relations between filament parameters and mass
of the embedded halos identified in simulations.
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1 Introduction

In the standard ΛCDM model of contemporary cosmology, the dominant component of the
universe is dark energy, which represents about 70% of the total mass-energy density [1, 2].
The remaining 30% is the matter, dominated by cold dark matter (CDM), believed to be a
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component that only interacts through gravity. Baryonic matter comprises less than 5% of
the cosmic budget. Starting in the late 1990’s, censuses of the baryon content of the universe
found that the sum of all the contributions observed at the time accounted for only ∼10% of
the “cosmic baryon budget” [3] (see also [4]). The search for missing baryons considered both
the stellar and the non-stellar components of galaxy clusters, as X-ray observations revealed
that their hot atmospheres, the intra-cluster medium (ICM), are several times more massive
than the visible component [5] (i.e. observable in the visible domain of the electromagnetic
spectrum). Including the ICM mass (see, e.g., references [6, 7] and [8]) increases the observed
baryon fraction to 12%. In addition, observations of neutral hydrogen through Ly-α forests at
low redshift (z < 0.07) [9, 10] brought the content up to 40%. However, a significant portion
(∼60%) of baryons was still waiting to be firmly detected. A broadly accepted solution to
the missing baryon problem was proposed by Fukugita et al. [3], who estimated that about
one third of the baryons could be located in warm gas outside galaxy clusters, called the
warm-hot intergalactic medium (WHIM). Hydrodynamic simulations [11, 12] suggest that
these clouds trace the so-called cosmic web, the network of dark matter filaments connecting
clusters. Cosmic filaments are expected to have low overdensities (δ ∼ 10−100) and to
be collapsed but not virialized.

Recent work using the dispersion of fast radio bursts has shown that the baryon fraction
integrated over the line of sight is indeed compatible with early universe measurements [13, 14].
Such evidence indicates that baryons are not missing, but rather are hosted in low-density
environments, which makes direct observations of their X-ray or millimetric signal challenging.

The existence of the cosmic web and the WHIM is widely accepted and supported by
a number of observations, but the direct observation of individual filaments is challenging.
Because of their low densities and relatively low temperature, cosmic filaments are very faint
in X-rays (see, e.g., [15]). Furthermore, the weakness of large-scale magnetic fields and the low
density of relativistic electrons means that synchrotron radiation is faint (see, e.g., [15, 16]).
However, instead of detecting emission from these filaments, one can exploit the thermal
component of the Sunyaev-Zeldovich (tSZ) effect [17, 18] (for a review, see [19]). The tSZ is a
spectral distortion of the cosmic microwave background (CMB) produced by the interaction
of low energy CMB photons with hot electrons permeating the ICM. Its amplitude at a given
frequency is proportional to the total pressure of the gas integrated along the line of sight
and can be quantified by the Compton-y parameter,

y = σT

mec2

∫
kBne(ℓ)Te(ℓ) dℓ, (1.1)

where σT , me and c are the Thomson scattering cross-section, the electron mass at rest and
the speed of light, respectively, kB is the Boltzmann constant, ne and Te are the electron
density and temperature, respectively, and ℓ is the distance along the line of sight. Due to
its linear dependence on the temperature and electron density, in its hot phases it is more
easily detected at low densities compared to the bremsstrahlung X-ray emission which, in
turn, depends on the electron density squared.

To date, several observations with different radio and CMB experiments have shown
evidence for the existence of filaments between clusters. The first detections were direct
observations of single filaments between massive, local clusters. The Planck Collaboration [20]
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used a Compton-y map at a resolution of 7.18′ constructed from Planck data to report the
first direct tSZ detection of an intercluster filament between galaxy clusters. The authors
investigated 25 cluster pairs, but only two systems, namely Abell 399 — Abell 401 (A399–401)
and Abell 3391 — Abell 3395 (A3391-3395), exhibited a significant intercluster excess signal
after accounting for the cluster contributions, with a projected length of respectively ∼ 3 Mpc
for both systems. A399-A401 was studied in detail in later works. Bonjean et al. [21] used
Planck data again to characterize the intercluster component. In addition, they examined
the nature of galaxies within both the clusters and the intercluster region, finding that most
are passive and red galaxies, with suppressed star formation, supporting the hypothesis that
the entire system formed simultaneously and that the intercluster bridge could be a remnant
of a cosmic filament heated during a pre-merging phase. These results were later confirmed
by Hincks et al. [22], who used Atacama Cosmology Telescope (ACT, see section 2) and
MUSTANG-2 to provide higher resolution and conduct a more precise investigation of this
system. In this work, they compared results from different physical models used to fit the
two clusters and a bridge component, reporting evidence for a structure between the clusters
at ≈5.5σ. For the bridge, they estimated a mean gas density of ne ∼ 0.88 × 10−4cm−3,
significantly lower than previous estimates [20, 21]. They explained these results by analysing
the geometry of the system, concluding that we are viewing the intercluster bridge at an
acute angle because the two clusters are separated much more along the line of sight than in
the plane of the sky. The same bridge was detected in the radio domain by Govoni et al. [23],
and these data enabled further constrains on the physics of the systems, by cross correlating
with SZ and X-ray data. Indeed, further analysis of this pair was carried out by Radiconi et
al. [24] who, for the first time at high spatial resolution (∼100 kpc), studied the correlation
between thermal and non-thermal emission of the system by combining X-ray, tSZ effect,
and radio observations. The second significant system from the Planck Collaboration [20],
A3391-A3395, is more difficult to analyse than A399-401 with the low angular resolution data
from Planck due to its complex morphology and dynamical state. They reported evidence for
a residual signal in the intercluster region after subtracting the cluster components. However,
the authors pointed out that the residual is suspiciously close to A3395, and that high
angular resolution data would be needed to correctly model the system. A deep observation
from eROSITA provided an unprecedented view of the complexity of the system, identifying
multiple filaments and WHIM populations [25, 26]. A high angular resolution investigation
of the tSZ signal from this cluster pair is being conducted using ACT observations (Capalbo
et al., in prep.). The search for the faint tSZ signature of WHIM in cosmic filaments requires
high sensitivity, which is often hard to achieve on a single target. Another approach is to
use stacking, which consists in co-adding a large number of Compton-y maps to increase
the signal-to-noise ratio. In De Graaff et al. [27], Planck maps were aligned according to
a catalogue of approximately one million galaxy pairs, built by selecting CMASS galaxies
with small enough comoving (5 − 14 h−1 Mpc) and line-of-sight separation (< 5 h−1 Mpc). A
control sample was built by cutting out 13 × 106 non-physical galaxy pairs, i.e., galaxy pairs
with a large line of sight separation (40 − 200h−1 Mpc), and thus unlikely to be connected
by filaments. The resulting stack of the selected physically bound systems provided a 2.9σ

evidence of an excess emission between the stacked galaxies, with an average amplitude
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of ȳ = (0.6 ± 0.2) × 10−8. This translates to a baryon fraction of 11 ± 7%, with a large
uncertainty due to the assumed electron temperature provided by simulations. This result
is consistent with Tanimura et al. [28], in which a similar analysis is presented, but using a
catalogue of 2.6 × 105 luminous red galaxies (LRGs) that are typically the central galaxies
in massive halos (M ≈ 1013 M⊙). The amplitude of the excess signal between the clusters
is ȳ ≈ 1.31 × 10−8 with a significance of 3.5σ, consistent with De Graaff et al. [27], with
an overdensity of δc ≈ 3. A more recent study by Singari et al. [29] repeated the analysis
using a sample of 8.8 × 104 LRG pairs, with an enhanced selection criterion to minimize the
galactic contamination and a different approach, by first stacking the single-frequency maps
and then applying the component separation. The amplitude of the excess is ȳ ≈ 3.8 × 10−8,
larger than Tanimura et al. [28], with an overdensity of ≈ 10, but with a higher significance
of 10.2σ due to the more robust foreground removal.

While these past works provided first detections of filamentary gas in individual systems
and early studies of intercluster and intergalactic filamentary gas using the tSZ, we now aim
to leverage the high sensitivity and increased resolution of ACT data to explore a sample
of high-mass galaxy cluster pairs.

This paper is structured as follows. In section 2 we introduce the cluster catalogue
derived from ACT data used in this study. In section 3 we introduce the models and the
fitting method. In section 4 we search for filaments in individual pairs of galaxy clusters.
In section 5 we stack the cluster pairs in the catalogue to study their average properties
with an approach similar to past works with Planck data [27–29]. In section 6 we compare
the results of the stack with THE300 and MAGNETICUM-Pathfinder simulations, and in
section 7 and 8 we discuss our results and conclude. All the results and calculations assume a
ΛCDM flat universe model, with cosmological parameters from Planck18 [1]. Unless otherwise
noted, uncertainties are quoted at 1σ.

2 Data

ACT1 was a 6 m off-axis Gregorian telescope that operated from 2007 to 2022 from the
Atacama Desert in Chile at an altitude of 5190 m. It observed the CMB with three generations
of receivers: MBAC, ACTPol and AdvACT. The MBAC receiver used ∼3000 transition
edge sensor (TES) detectors to observe in bands centered at 148, 218 and 277 GHz without
polarization sensitivity [30]. ACTPol was the first polarization sensitive receiver to be installed
on the ACT platform, and used two arrays of TES at 146 GHz and a third array with dichroic
TES observing at 146 and 90 GHz [31]. The final iteration, AdvACT, initially comprised 3072
TES detectors operating in 3 bands centred at 98, 150, and 220 GHz [32]. Two additional
bands, centred at 27 and 39 GHz, were added in 2020 [33].

ACT maps and derived products are available on the LAMBDA website in a series of
data releases (DR1-6),2 the most recent complete release being DR6 which included data from
2008 to 2022. Hilton et al. 2021 [34] presented a catalogue of more than 4000 SZ-selected
clusters in DR5. The catalogue was built from the 98 and 150 GHz maps, which are at
frequencies where the tSZ spectral distortion is negative and near where its amplitude peaks.

1https://act.princeton.edu/
2https://lambda.gsfc.nasa.gov/product/act/actpol_prod_table.html
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Figure 1. Scatter plot of the cluster sample used in this work, plotted on the z − M500 plane. Both
redshift and mass are provided by the cluster catalog. The empty dots show the distribution of the
single clusters in the catalog. Orange filled dots show the subsample of individual clusters that belong
to a candidate pair in the double cluster catalog.

In these bands, ACT had a resolution of 2′ and 1.4′, respectively, on more than 18 000 deg2

of the sky, with varying noise level, although only 12 000 deg2 were used for the blind search
because of contamination from dust emission as well as high density of stars at low Galactic
latitudes, that could make the optical confirmation more difficult [34]. Clusters were blindly
detected using a multi-frequency matched filter, using a Universal Pressure Profile [35] with a
minimum signal-to-noise-ratio of 4. Among these clusters, about 140 pairs of likely physically
bound clusters were flagged. The DR5 tSZ cluster catalogues, including a dedicated catalogue
of cluster pairs, are available on LAMBDA.3 The Compton-y map used in this paper is
described in Coulton et al. 2024 [36], which includes data from DR4 and DR6, collected from
2013 to 2022. A catalogue of galaxy clusters based on DR6 is in preparation; in this paper we
use a preliminary version of this catalogue containing ≈ 7400 systems (ACT Collaboration, in
prep.; this number should considered as preliminary). We have identified pairs of clusters in
the catalogue that are physically close as determined by their projected distance on the plane
of the sky, dsky < 10 Mpc, and their peculiar velocity difference, ∆vz < 5000 km s−1, as was
done for the DR5 cluster catalogue [34]. A total of 284 systems meet these criteria, including
clusters with only photometric redshift. They fall in the redshift range 0.04 < zpair < 1.25,
where zpair is the mean redshift between the two clusters of each pair. Figure 1 shows the
zpair distribution and the M500 distribution for clusters in pairs and for the full sample. The
mean calibrated mass for clusters in multiple systems is 3.5 × 1014M⊙, slightly larger than
the mean mass of the full sample, which is 3.3 × 1014M⊙. For the stacking analysis in this
paper (section 5), however, we only use cluster pairs which have spectroscopic redshifts
available, because the uncertainty of the photometric redshift, when propagated to ∆vz, is

3https://lambda.gsfc.nasa.gov/product/act/actpol_dr5_szcluster_catalog_get.html
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comparable with the 5000 km/s threshold used to select candidate bound systems. This
translates into a large fraction of false positives in the sample, reducing the intercluster signal
by about a factor of two when they are included in the stack (see section 5.2). Moreover,
we exclude from our analysis systems containing more than two components. After this
selection, the number of stacked cluster pairs is 86. The 5, 50, 95th quantiles of this sample
are respectively [1.9, 3.1, 6.7] × 1014 M⊙. The lack of spectroscopic redshift measurement is
not correlated to cluster properties in our sample, but it is due to the lack of coverage by
spectroscopic surveys in the southernmost parts of the ACT footprint. However, we do not
exclude photometric systems from our search of filaments in individual pairs, since they might
still host a significant filament signal. Note that our catalogue does not include A3395-A3391
or A399-A401, the two pairs hosting observable filaments described above (section 1), since
their low redshift makes their angular size too large to be detected efficiently by the matched
filter used to construct the cluster catalogue, even if their tSZ signal is strong. In this work,
we do not make additional effort to include these known, low-redshift clusters to avoid being
contaminated by systems that could include outliers with exceptionally bright bridges. We are
preparing a separate study on the noteworthy A3395-3391 (Capalbo et al., in prep) which has
not yet been examined with ACT Compton-y maps. We use the most recent ACT Compton-y
map to analyze the intercluster tSZ signal in our catalogue of galaxies cluster pairs. Details
of this map are provided in Coulton et al. 2024 [36], but here we provide a brief summary.
The y-map is constructed from ACT DR4 and DR6 maps at approximate frequencies of 93,
148 and 225 GHz, as well as the Planck NPIPE maps [37] from 30 to 857 GHz. The Planck
maps are included to provide sensitivity at larger angular scales where ACT maps become
noisy due to the emission of atmospheric water vapour, and to add additional frequency
channels for a more robust foreground removal. The multiple frequencies are combined via
an internal linear combination (ILC) which exploits the differences in the spectra of the tSZ
signal, the CMB blackbody signal and, optionally, thermal emission from dust to better
isolate the tSZ component at the expense of a higher noise level. The authors used needlet
basis functions to better account for variations in signal and noise across different regions
of the input maps than previous approaches that worked in harmonic space. The resulting
y-map has a resolution of 1.6′. As mentioned above, versions of the map that deproject a
dust-like spectrum are available, but we do not use these because of their higher noise. We
however checked if there was a significant difference between the results obtained with the
two maps, and found no significant difference. For details on this, see appendix A. There are
also variants of the map that use different masks of the Galactic regions; in this paper, we use
the mask80 map, which gives a large footprint to include as many cluster pairs as possible.

3 Models

In order to reveal the signature of a bridge of matter between the clusters, whether in
individual pairs (section 4) or in stacks (section 5), we need to model the different components
in the y-maps, i.e., the clusters and the bridge region.

For the clusters we adopt the generalized Navarro, Frenk & White (gNFW) pressure
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profile [35, 38] given by:

P (r) = P0(
r
rs

)γ[
1 +

(
r
rs

)α](β−γ)/α
, (3.1)

where r is the radial distance from the cluster’s centre, P0 is the central pressure, rs =
R500/c500, with c500 being the concentration parameter, and where γ, α and β are the central
(r ≪ rs), intermediate (r ∼ rs) and outer (r ≫ rs) slopes of the profile, respectively. The
gNFW profile is spherically symmetric and cannot account for possible asphericity in the
cluster’s geometry. Therefore, we also use an ellipsoidal extension to the profile [39]. It is
given by replacing the ratio (r/rs) in eq. (3.1) with

ξ = 1
rs

(
r2

a + 1
1 − ϵ2 r2

b + 1
2

2 − ϵ2

1 − ϵ2 r2
c

)1/2
(3.2)

where ra, rb and rc are the radii along the three principal axes of the ellipsoid, respectively,
and ϵ is the eccentricity of the profile projected on the sky. Let θ be the position angle of
the plane-of-sky major axis; then the equations for ra, rb and rc are:

ra = (x − x0) cos y0 cos θ − (y − y0) sin θ,

rb = (x − x0) cos y0 sin θ + (y − y0) cos θ,

rc = z − z0,

(3.3)

where (x − x0), (y − y0) and (z − z0) are differences, on the three axes, of a given point
with respect to the centre of the ellipsoid, (x0, y0, z0). For simplicity, in the fit we assume
that two of the three axes (clearly corresponding to x and y) are on the plane of the sky,
while the other one is aligned along the line of sight.

To model the bridge region we use an isothermal β-model [40] with cylindrical geome-
try [21, 35]. In this case, the pressure profile is given by

P (r) = P0[
1 +

(
r
rc

)2] 3
2 β

, (3.4)

where P0 is the central pressure, rc is the core radius and β is the slope fixed to 4/3, as
suggested by Ostriker et al. [41] for a non-magnetised filament. The model is calculated
over a length lfil.

We follow the formalism of Yoshikawa et al. [42] [see also 35] to integrate the pressure
profiles described above along the line of sight, i.e., to project them from 3D to 2D in the
plane of the sky. All the models shown above are written in terms of the central pressure
P0. Since our maps are in terms of Compton-y parameter, which is proportional to P0, the
amplitude Acl we fit for clusters and Afil for filaments is a Compton-y amplitude.

3.1 MCMC fit

We perform a Markov chain Monte Carlo (MCMC) analysis in order to constrain the best
values for the parameters in the models described in section 3. We use the emcee [43]
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Python package to estimate the posterior distribution for the parameters, using the following
likelihood:

L = 1
2π|M|1/2 exp

(
−1

2mT M−1m
)

, (3.5)

where m is the difference between the y-map and the model map and M is the covariance
matrix. Here, we follow the same approach as in Hincks et al. [22], computing the likelihood in
the Fourier space in which the noise covariance is diagonal under our assumption of stationary
noise. We estimate m after convolving the model with a Gaussian kernel of 1.6′ FWHM
to match the angular resolution of the y-map. To compute the covariance matrix we use a
maximum of 8 external fields around the y-map that is being fit, placed in an analogous way
as in Hincks et al. (2022) [22]. Only fields with sufficiently Gaussian noise are used, which we
determine with the Kolmogorov-Smirnov (KS) test; unwanted non-Gaussianity in the y-signal
used to estimate the noise covariance can come, for example, from background sources and
foreground contamination. The Gaussian noise assumption is an approximation, but for
our relatively small maps is reasonable, as for A399-A401 [22]. We repeat this selection of
fields for both single pairs and the stacked map. In the stacked map, the averaging of the
noise from different sky patches helps to average out any non-Gaussianity, further supporting
our assumption. We evaluate convergence in a similar manner to Hincks et al. (2022) [22].
Namely, we estimate the autocorrelation length of each parameter τi every 100 iterations and
define τ = max(τi). We run the chains until the number of samples N > 20τ ; that is we
assume that the estimate of τ is reasonably accurate when the chains are 20 times longer
than this estimate. Then, we ensure that none of τi increases more than 1% within 100
iterations before stopping the MCMC. Finally, we treat the first Nburn = 10τ iterations as
burn-in, i.e., we calculate the posteriors after rejecting the first Nburn samples. Hincks et al.
(2022) [22] showed that for the Abell 399-401 bridge system, which was fit with a similar
model, that this was a reliable test of convergence. In our case the autocorrelation length of
the bridge length parameter, lfil is still slowly increasing when we reach this point, which
we attribute to the double-peaked posterior. However, because lfil is not correlated with the
filament amplitude, Afil, the main parameter of interest, we do not consider this worrisome.
Nevertheless, we ran an additional MCMC with chain lengths 2̃5 times longer than the one
used for our results on the stacked map using the 2GNFW+cyl-β model to test whether
lfil’s autocorrelation length diverges in longer chains, We found that all parameters, included
lfil, still satisfy the convergence criterion that we adopt.

We perform four different fits on each y-map that refer to different combinations of the
physical models in the previous sections:

• ‘2gNFWsph’ — The simplest fit includes two gNFW spherical pressure profiles (eq. (3.1))
for the clusters. It has four free parameters: the external slopes β1,2 (where the
subscripts “1” and “2” refer to each of the clusters) and the central amplitudes A1,2. We
fix the coordinates of the clusters, the scale radius rs = R500/c500, where c500 = 1.81,
and we fix the inner and mid slopes γ = 0.31 and α = 1.33, as well as c500, according
to the average profiles measured by Planck [44].

• ‘2gNFWsph+cyl-β’ — The second fit extends ‘2gNFWsph’ by including a bridge compo-
nent described by the cylindrical β-model in eq. (3.4). It has six free parameters: the
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four in ‘2gNFWsph’, plus the cylinder’s core radius rc (i.e. the width of the bridge) and
its amplitude Afil. The length is fixed to the distance between the two R500/2 values
of the two members of the cluster pairs and its central coordinates are the average of
the coordinates of the two clusters.

• ‘2gNFWell’ — This fit is an extension of ‘2gNFWsph’ that allows the pressure profiles
of the clusters to be elliptical (eq. (3.2)). It has eight free parameters: the four from
‘2gNFWsph’, plus an eccentricity, ϵ, and an angle, θ, for each of the two clusters.

• ‘2gNFWell+cyl-β’ — The final fit extends ‘2gNFWell’ by adding a bridge component,
analogously to ‘2gNFWsph+cyl-β’. It has ten free parameters.

We employ two statistical tests to compare the various models and determine the most
suitable one for fitting the data. First, we compute the likelihood ratio between two models:

W = 2 log max L2
max L1

, (3.6)

where max L is the maximum likelihood computed with the best-fitting parameters. This
test requires that Model 1, the simpler one, be nested in Model 2. Given the null hypothesis
that Model 1 is true, for a large number of data points W approaches a χ2 distribution with
degrees of freedom equal to the difference in the number of parameters between the two
models [45, §5.5]. We compute the p-value of the null hypothesis and the associated σ of the
alternative. Note that this test is more rigorous than the S/N estimate (Equation 4.1) to
select the pairs for fitting, and is not expected to give the same results.

The second statistical test is the Akaike Information Criterion (AIC) [46]. This is a more
general method that does not require that the models be nested. The test statistic is:

AIC = 2k − 2 log(max L), (3.7)

where k is the number of free parameters in the model. Models with smaller AIC values offer
better descriptions of the data. However, AIC is a relative measure rather than an absolute
one and the difference ∆AIC between two models is the relevant quantity. Let AIC0 be the
smallest value, indicating the preferred model and let ∆AIC,i = AICi - AIC0 be the difference
between the i-th model and the preferred one. According to ref. [47], if ∆AIC,i ≲ 2, the two
models provide roughly the same quality fit; if ∆AIC,i ≳ 4, the model with the higher AIC
value, AICi has “considerably less support” than the model with AIC0, and if ∆AIC,i ≳ 10,
it has “essentially no support” compared to the AIC0 model.

4 Analysis of single pairs of clusters

In the first part of this work we analyze the cluster pairs individually in order to reveal
potential bridges of diffuse matter associated with WHIM that may serve as targets for future
follow-up observations at improved angular resolution using millimeter cameras coupled to
large, single dish telescopes. In particular, we exploit the higher angular resolution of ACT
to extend the analysis to higher redshift systems (z ≈ 0.5) compared with previous work
using Planck-only data [20, 21], which could only resolve clusters in the local universe.
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4.1 Methods

We select a subsample of systems from our catalogue of cluster pairs by estimating the
significance of the tSZ signal in the intercluster region, following the approach used in
Bonjean et al. [21]. For each cluster pair, a cutout from the full y-map is created that is
centred on the mean position of the cluster pair and has both dimensions equal to five times
the projected separation of the clusters. The cutout is then reprojected onto a tangent
plane (i.e. gnomonic reprojection). We exclude from our consideration any pairs in which
the clusters are not sufficiently separated, namely, in which the distance between the cluster
centres is smaller than the sum of their two R500, as listed in the preliminary ACT DR6
catalogue. We then define a rectangular region in the centre of the map (see figure 10 for a
visualization) with length equal to the distance between the two R500/2 and width equal to
the minimum of the two R500, inside of which we compute the mean tSZ signal, ŷ. For the
noise estimation, we consider the background area 3 × R500 beyond the cluster centres and
mask possible background sources with a 3σ-clip. The signal-to-noise estimation (henceforth
S/N, to differentiate from the statistical evidence σ introduced below) is given by:

S/N = ŷ − ŷext
σext

, (4.1)

where ŷext and σext are the mean tSZ signal and the standard deviation of the background
area, respectively. Again following Bonjean et al. [21], we select pairs with S/N ≥ 2 for
further investigation. The four systems that meet this criterion are listed in table 1 and their
y-maps are shown in figure 10. For convenience, the maps are rotated counterclockwise so
that the axis connecting the two cluster centres lies along the x-axis.

We fit the 2D maps with the models described in section 3.1. Because of the low signal
to noise ratio of the single pairs and the limited resolution of the maps, we fixed different
parameters depending on the case. In all the pairs, we fix the size of the bridge to the same
box used for the S/N estimation, and only leave Afil free.

4.2 Results and discussion

Among the 284 candidate interacting clusters, we found four pairs with S/N > 2. We fitted
each of the four models described in section 3.1 to these pairs and computed the statistics.
The selected pairs are shown in table 2, while the best fit parameters are in table 6. We leave
a detailed description of each cluster system and the best fit parameters to appendix B. As
mentioned at the beginning of this section, the goal of this analysis was to identify promising
candidates for detecting intercluster gas signatures and for conducting high-resolution follow-
up observations. It is clear how revealing individual filamentary structures between galaxy
clusters is extremely challenging. From an initial sample of > 200 systems it is possible to
infer for only two pairs, namely J2336 and J0245, the presence of a bridge at low significance
(> 2σ using the likelihood ratio W ). Note the discrepancy between likelihood ratio and
the raw S/N. It is important to emphasize, however, that these are high redshift objects
and are barely resolved by ACT. We note, interestingly, that in none of these systems the
elliptical models are preferred with respect to the spherical models. This could be due to
the low S/N of the maps. Additionally, though, an inter-cluster excess due to a bridge is
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Name RA Dec z R500 Dsky

(deg) (deg) (arcmin) (arcmin) (Mpc) S/N
ACT-CL J2336.0−3210 (C1) 354.016 −32.176 0.613 2.39 5.55 2.25 3.2ACT-CL J2336.3−3206 (C2) 354.082 −32.102 0.619 2.40

ACT-CL J0328.2−2140 (C1) 52.054 −21.668 0.590 2.78 5.23 2.08 3.6ACT-CL J0328.5−2140 (C2) 52.147 −21.674 0.590 2.30

ACT-CL J0245.9−2029 (C1) 41.489 −20.486 0.310 3.57 7.78 2.12 2.9ACT-CL J0246.4−2033 (C2) 41.604 −20.557 0.318 4.17

ACT-CL J0826.0+0419 (C1) 126.518 4.325 0.473 3.09 5.87 2.08 2.3ACT-CL J0826.4+0416 (C2) 126.600 4.271 0.463 2.33

Table 1. Physical properties of galaxy cluster pairs selected from ACT DR6 catalogue with potential
gas bridges. Dsky is the center-to-center projected distance on the sky.

not well modeled by only two elliptical pressure profiles because an enhancement of signal
between in the inter-cluster region requires additional signal on the opposite side of each
cluster, due to the symmetry of the elliptical models. If this signal outside the cluster pair is
not present, the elliptical model is disfavoured; this was a finding of Hincks et al. (2022) [22]
on the high S/N A339-401 system .

Another possible explanation of the excess we observe is that we are not detecting a
filament, but rather ICM in the outskirts of the clusters, that cause a deviation from the
ideal gNFW profiles due to interaction between the clusters.

This underscores the necessity of obtaining higher angular resolution and higher sensitivity
data for further study of these potential filaments in this redshift range, once they have
been identified by wide area surveys by mid-resolution instruments like ACT. With this
approach, high resolution cameras like MUSTANG-2 [48] or MISTRAL [49] will enhance the
detection of these systems in the same way as ACT enhanced the detections by Planck. For
this reason, we choose to report the selected systems, although it is not possible to firmly
detect the candidate filaments with current data.

5 Stack of cluster pairs

The second part of this work focuses on stacking ACT selected cluster pairs.

5.1 Methods

We use a set of cut-outs extracted from the full Compton-y map using the pixell map
manipulation Python library.4 For each cluster pair in the catalogue, we cut out a box
centered on the average coordinates of the two components, with a radius equal to 10 times
the clusters’ angular separation. Each cut-out is then reprojected to a tangent-plane (or

4https://pixell.readthedocs.io/en/latest/
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Cluster Pair
[S/N] Model # free parameters Likelihood ratio ∆AIC,i

W p-value σ

ACT-CL J2336.0−3210
ACT-CL J2336.3−3206

[3.2]

2gNFWsph 4 – – – 3.57
2gNFWsph+cyl-β 6 7.57 2.27 × 10−2 2.28 0

2gNFWell 8 – – – 12.31
2gNFWell+cyl-β 10 9.09 1.06 × 10−2 2.55 7.22

ACT-CL J0328.2−2140
ACT-CL J0328.5−2140

[3.6]

2gNFWsph 4 – – – 0.01
2gNFWsph+cyl-β 5 2.01 1.56 × 10−1 1.42 0

2gNFWell 8 – – – 8.57
2gNFWell+cyl-β 9 1.97 1.61 × 10−1 1.40 8.60

ACT-CL J0245.9−2029
ACT-CL J0246.4−2033

[2.9]

2gNFWsph 4 – – – 1.53
2gNFWsph+cyl-β 5 3.53 6.03 × 10−2 1.88 0

2gNFWell 8 – – – 5.14
2gNFWell+cyl-β 9 4.98 2.57 × 10−2 2.23 2.17

ACT-CL J0826.0+0419
ACT-CL J0826.4+0416

[2.3]

2gNFWsph 4 – – – 0
2gNFWsph+cyl-β 5 0.33 5.69 × 10−1 0.57 1.68

2gNFWell 8 – – – 7.02
2gNFWell+cyl-β 9 2.16 1.42 × 10−1 1.47 6.86

Table 2. Statistical tests for model comparison in the analysis of individual cluster pairs. The first
column reports the name of the cluster pair and the preliminary S/N estimate of a bridge component,
as described in section 4. In the second column there are the models adopted in the fits. The number
of free parameters for each model is in the third column. W is the likelihood ratio (4th column),
p-value is the probability of the null hypothesis, i.e., the simpler model with less free parameters
is true (5th column), and σ is the significance of the rejection of the null hypothesis (6th column).
∆AIC,i (7th column) is the difference of AIC statistics of a model with respect to the preferred model,
indicated with ∆AIC,i = 0.
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gnomonic) projection from the original Plate Carrée projection and rotated such that the axis
between the two clusters is aligned with the x-axis. We identify which cluster has the higher
mass in the catalogue and flag it as the “primary” cluster, while the other is the “secondary”
cluster. The rotation angle is chosen such that the primary cluster is placed on the left side
of the image. We then scale the map using a bi-linear interpolation in order to place the two
clusters at a fixed distance expressed in pixels. The value used in this work is 50 pixels, or
25 ′, because it is close to the average sky separation of the clusters and thus minimizes the
amount of resizing needed to perform the stack. Finally, we reject clusters whose distance is
less than the sum of their respective R500 expressed in stack pixels, i.e. R500,1 + R500,2 < 50px.
These are likely systems lying almost along with the line of sight, such that their halos ave
overlapping, in which case the bridge signal would be only sampled with few ACT beams.
We do not further select clusters based on their angle with respect to the line of sight because
it is not trivial to disentangle their relative motion due to the Hubble flow from their peculiar
velocity from redshift measurements only. The final number of maps to be stacked is 86. The
stack of the rotated maps is performed by coadding them in Fourier space. Each map is
deconvolved with a Gaussian beam with the nominal Compton-y map FWHM of 1.6 ′ scaled
by the same rescaling factor applied to the map. Maps are weighted by noise level adjusted
by the scale factor and the average S/N of the two clusters. The noise level is estimated by
taking the standard deviation of the four corners of each map, after a 3σ-clip to mask point
sources and bright large scale structures, while the S/N is estimated by the matched filter
used to build the cluster catalogue. The stacked map is shown in the left panel of figure 2. In
order to better estimate the amplitude of the stacked bridge and to disentangle its emission
from cluster outskirts, we fitted the 2gNFWsph+cyl-β model and compared it to 2gNFWsph
(see section 3). Additionally, we ran a null test with non-physical cluster pairs to rule out a
contamination introduced by the stacking pipeline or by uncorrelated sources (section 5.2).

5.2 Null test and photometric redshift clusters

We performed a null test by repeating the same stacking procedure on a catalogue of non-
physical galaxy cluster pairs, i.e., clusters that are close together on the plane of the sky
(dsky < 10 Mpc), but with a large separation along the line of sight. We selected 90 cluster
pairs from the ACT-DR6v0.1 catalogue, separated less than 90 ′ on the plane of the sky
and 50-200 comoving Mpc along the line of sight. We verified that the mass distribution
of these selected clusters is consistent with the one of the stacked pairs. The projected sky
distance was chosen to reproduce the average separation of the catalogue, and match the
average rescaling factor in the stack. The line of sight threshold is similar to the one used
in De Graaff et al. [27], except with a stricter lower bound. The absence of signal between
the stacked clusters shows that the excess signal between the clusters is not caused by the
anisotropic stacking algorithm or random uncorrelated sources in the fields of the cluster pairs
(figure 3, right). To further justify our choice to only consider cluster pairs with spectroscopic
redshift, we create the stack of only the systems with photometric redshift (figure 3, left).
The photometric cluster sample is disjoint from the spectroscopic sample, and follow the same
mass distribution. Photometric cluster’s 5, 50, 95th quantiles are [2.0, 2.9, 6.5] × 1014 M⊙.
The intercluster signal is below the noise level of the map, suggesting that a large fraction of
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Figure 2. Stack of cluster pairs showing the candidate filament. Left: oriented stack of 86 clusters
with spectroscopic redshift measurement for both clusters, with primary cluster on the left. Right:
residual after subtracting the best fitting cluster profiles shown in section 5.4. A filamentary excess is
visible between the two stacked clusters. Cluster positions in the right map are marked with white
crosses. The yellow dashed box shows, for reference, the size lfil ×2×rc,fil of the best fitting cylindrical
β-model. Note that rc,fil does not mark a precise boundary of the filament, therefore it is expected
that some signal will fall outside of the box. Contour levels are y = (0.5, 1, 5, 10, 50) × 10−6, and they
are smoothed with a 3 px gaussian kernel for better visualization. The effective beam of 1.6′ is shown
as a yellow circle in the bottom-left corner.

the cluster pairs selected with the photometric redshift are not interacting. They would thus
only add noise if we included them with spectroscopically-selected pairs in a stack.

5.3 Bootstrap test

We also ran a bootstrap test to determine if the observed bridge signal is dominated by a few,
bright cluster systems or if it is a fainter signal common to most cluster pairs. We run the
stack 100 times, each time assigning random weights to each map before the stack, extracted
from a Poisson distribution with λ = 1. The standard deviation measured within a 20 × 20 px
in the bridge region is σy = 3.9 × 10−7, which is ∼ 30% of the Compton-y signal integrated
over the same box. We also measure the standard deviation in 66 additional non-overlapping
boxes far from the stacked clusters, to verify if the observed scatter in the inter-cluster region
can be completely explained by noise fluctuations, or if an additional source of scatter is
required. The average standard deviation of the map measured over 20 × 20 px boxes is
σACT

Afil
= (3.31 ± 0.14) × 10−7. The scatter measured between the clusters is a 4.2σ outlier,

thus the observed fluctuations are unlikely to be only caused by noise.
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Figure 3. Left: oriented stack of 90 clusters with photometric redshift only; Right: oriented stack of
90 non-physical pairs for the null test. Contours and ACT beam as in figure 2.

Figure 4. Left: average of 100 bootstrapped maps; Right: standard deviation of 100 bootstraped
maps. Contours and ACT beam as in figure 2. The white dashed box shows the 20 × 20 px used to
estimate the standard deviation to be compared with simulations in section 6.
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5.4 Model and MCMC fit

In order to estimate the Compton-y signal in the intercluster region we fit the stacked map
with the same approach as the single pairs (see section 4). Clusters are modeled with a
gNFW profile and the bridge is modeled with a cylindrical β-model (see section 3), with
the difference that the amplitude is not given by P0 but by the Compton-y amplitude Afil.
We test different models, and use the likelihood ratio and the Akaike Information Criterion
to find the best fit for our data.

The main difference with respect to the single pairs is that we leave the lfil free, instead
of the single pairs, in which we fixed the size of the bridge and only left its amplitude Afil free.

The models used for the fit and the relevant statistics are listed in table 3, while the
best fit parameters are shown in table 4. We impose the condition that the filament be
oriented along the axis between the clusters because of the symmetry of the stack. For
the oriented stack, we initially left the y coordinate free, since at least visually the bridge
appeared to be not perfectly aligned with the axis between the clusters. Although the stacking
symmetry should constrain the filament to have the same y coordinate as the clusters, noise
fluctuations can shift the peak of the signal by 1 − 2′. Due to the low signal-to-noise ratio
of the stacked map, the addition of a free parameter to capture this shift in the MCMC
lowered the statistical preference for the bridge model. We thus fixed the y coordinate of
the bridge to be on the intercluster axis.

Note that in general the cluster pairs are not aligned with the plane of the sky, and
could have different angles with respect to the line of sight. When we model the bridge,
we assume that its radial profile is conserved.

We observe an excess Compton-y signal of Afil = 7.24+2.48
−2.29 × 10−7, with a significance of

3.3σ. Although the fit was converged, we notice a peculiar, multi-moded posterior on the
filament length (figure 15), which seems to converge to values larger than the distance between
the clusters. This is indeed confirmed by qualitatively observing the right panel of figure 2.
First, the bridge does not appear particularly offset with respect to the inter-cluster axis.
This supports the choice of fixing the y coordinate of the bridge. Second, the bridge seems to
overshoot the centers of the stacked clusters (marked with white crosses), a behaviour that
was already tentatively observed in De Graaff et al. [27]. The presence of brighter clumps,
with an amplitude compatible with noise fluctuations, might have caused the multi-modal
posterior. Since the amplitude of the bridge does not show any correlation with its length,
we proceed with the analysis without imposing any additional priors.

6 Comparison with simulations

We compare our stacked results with hydrodynamical simulations from The3005 and Mag-
neticum Pathfinder.6 The main difference between the two simulation sets is that The300 is
a set of zoomed-in simulations of massive clusters, while Magneticum Pathfinder is a full cos-
mological hydrodynamic simulation. In both cases, we create mocks of the ACT observations
by selecting cluster pairs with the similar properties as the catalogue we are using, and then

5https://www.nottingham.ac.uk/astronomy/The300/index.php
6http://www.magneticum.org/
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Model # free parameters Likelihood ratio ∆AIC

W p-value σ

2gNFWsph 10 – – – 10.29

2gNFWsph+cyl-β 13 16.29 9.9 × 10−4 3.29 0

Table 3. Statistical tests for the fits of the stack. The models adopted in the fits are indicated in
the first column. The number of free parameters for each model are in the second column. W is the
likelihood ratio (3th column), p-value is the probability of the null hypothesis, i.e. the simpler model
with less free parameters is true (4th column), and σ is the significance of the rejection of the null
hypothesis (5th column). ∆AIC,i is the difference of AIC statistics with respect to the preferred model
(i.e. ∆AIC,i = 0) and the other one (6th column).

stacking them with the same pipeline used for ACT data. To neglect projection effects, we used
the same line of sight projection length Z_KPC= 0.15e5 = 15 Mpc for both simulation suites.

6.1 THE300 project

The300 simulation is composed of 324 large galaxy clusters [50], re-simulated at high
resolution using the GADGET-X smoothed-particle hydrodynamics code, starting from the
DM-only MDPL2 simulation, which simulates a periodic cube with a volume of 1 Gpc3

with a resolution of 1.5 × 109 M⊙/h assuming Planck15 cosmology [51]. For each cluster,
re-simulated into (30 Mpc/h)3 boxes with a resolution of 2.36×10−8/hM⊙, we extracted three
maps by projecting 18 redshift snapshots at 0.02 < z < 1.96 onto the xy, xz and yz planes.
In each projected map, cluster pairs were selected with the same criteria of projected distance
and peculiar velocity used to compile the ACT Multiple Cluster Catalogue. Considering
all snapshots and selected pairs, we obtain a total of 14,311 maps. We rejected “crowded”
maps, i.e., maps with more than two halos with a peak above y = 10−5, in order to avoid
stacking systems with more than two components, similarly to what is done in the ACT stack.
Additionally, we reject maps in which the clusters were overlapping, i.e., the distance between
the two clusters is less than R500,1 +R500,2. The final sample contains 1,049 maps. In order to
match the real sample, we resampled the catalogue. First, we divided the ACT catalogue into
four redshift bins and four mass bins, for a total of 16 bins. We then extracted a proportional
number of maps from the simulated sample to reproduce the observed distribution. We built
100 stacks, each one of them composed of 100 randomly chosen maps, which is a number
of maps close to the number in the stack presented in section 5. We then computed the
average and the standard deviation maps, shown in figure 5.

6.2 Magneticum Pathfinder

The Magneticum Pathfinder suite is composed of hydrodynamical simulations of different
cosmological volumes, each of them sampled with a large number of particles to provide better
spatial resolution. Simulations were performed with the Tree/SPH code Gadget-3, a refined
version of Gadget-2 code [52]. In this work we used the hr resolution run of box2b, with a
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ACT fit results

Clusters

xc1(px) yc1(px) xc2(px) yc2(px) βc1 βc2 Ac1 [y × 10−5] Ac2 [y × 10−5] rs,c1 [′] rs,c2 [′]

38.23+0.04
−0.04 63.32+0.04

−0.04 88.25+0.04
−0.04 63.24+0.04

−0.04 3.32+0.10
−0.08 3.13+0.15

−0.13 6.08+0.15
−0.15 3.66+0.18

−0.65 1.53+0.08
−0.06 1.29+0.10

−0.07

Bridge

lfil [′] rc [′] Afil [y × 10−7]

45.61+3.17
−9.61 8.99+3.64

−0.98 7.24+2.48
−2.29

The300 fit result

Clusters

xc1(px) yc1(px) xc2(px) yc2(px) βc1 βc2 Ac1 [y × 10−5] Ac2 [y × 10−5] rs,c1 [′] rs,c2 [′]

38.23+0.04
−0.04 63.32+0.04

−0.04 88.25+0.04
−0.04 63.24+0.04

−0.04 3.96+0.02
−0.0.2 4.26+0.07

−0.07 8.35+0.04
−0.04 2.70+0.05

−0.05 2.17+0.02
−0.02 2.23+0.06

−0.0.07

Bridge

lfil [′] rc [′] Afil [y × 10−7]

20.13+0.62
−0.79 4.54+0.52

−0.48 3.32+0.35
−0.34

MAGNETICUM fit results

Clusters

xc1(px) yc1(px) xc2(px) yc2(px) βc1 βc2 Ac1 [y × 10−5] Ac2 [y × 10−5] rs,c1 [′] rs,c2 [′]

39.8+0.01
−0.01 63.80+0.01

−0.01 88.77+0.03
−0.03 63.80+0.03

−0.03 4.43+0.03
−0.03 3.35+0.04

−0.04 6.19+0.03
−0.03 2.20+0.04

−0.04 4.01+0.05
−0.05 1.99+0.07

−0.05

Bridge

lfil [′] rc [′] Afil [y × 10−7]

36.48+0.36
−0.35 3.44+0.26

−0.28 8.17+0.39
−0.41

Table 4. Best-fitting values for the free parameters adopted in the 2gNFWsph+cyl-β model for the
real and simulated stacks. Subscript ‘C1’ (’C2’) refers to the cluster in the left (right) side of the
stacked y-map (see figure 2). The values correspond to the medians of the posterior distributions,
with 1σ errors referring to 16th and 84th percentiles. The cluster coordinates x and y, and the radii
rs are in arcminutes, while the amplitudes A are in units of Compton-y parameter.
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volume of (640 comoving Mpc/h)3, containing 2 · 28803 particles. The box was simulated
using a ΛCDM cosmological model with WMAP7 parameters [53] and includes a number
of physical and astrophysical processes, including star formation and chemical evolution,
black holes and AGN feedback as well as large-scale magnetic fields. A sample of ≈ 2000
clusters with mass similar to the one observed by ACT was extracted from seven snapshots
at redshift 0.25 < z < 0.9. Then, a list of cluster pairs was compiled using the cluster centers
provided by the code outputs, identified using the SubHalo halo finder algorithm [54]. The
full cluster catalogue was then parsed to identify pairs matching our criterion. Simulated
Compton-y maps were subsequently computed using Smac, a map-making utility for idealized
observations [55]. Maps were centered on the (projected) cluster bridge, and integrated along
the line of sight in the same way as for THE300 sample. Cluster pairs were initially identified
using the same criteria of peculiar velocity difference and projected distance as Hilton et
al. [34]. Then, crowded maps and maps with overlapping clusters were rejected with the
same methodology as used for The300. The remaining maps were divided into mass and
redshift bins, and then resampled and bootstrapped in the same was as for the The300
sample (section 6.1). The result is shown in figure 6.

6.3 Modeling

We fitted the simulated maps with the same model as the ACT stack (section 5.4). Unlike
the ACT maps, the simulated maps are noiseless. However, small halos around the main
clusters create a Poisson-like noise in the simulated stack that is not accounted for in our
MCMC likelihood, which assumes the noise is Gaussian. We therefore needed to inject noise
into the map, such that it matches the real observation. The ACT noise is complex, because
it is a combination of white noise and large scale noise from atmospheric emission. Moreover,
there’s an additional contribution from the component separation algorithm used to build
the Compton-y map. A possible approach could be stacking empty parts of the Compton-y
map and add noise that is, indeed, real data. However, for better control, we proceed with a
simple Gaussian noise, with the aim of building a dataset from simulated data only. We thus
injected random, Gaussian noise model smoothed to the 1.6 ′ ACT+Planck y-map resolution
and matched to the noise level of the y-map (σy ≈ 7 × 10−5). We estimate the uncertainty
of the bridge amplitudes by computing the standard deviation of the noiseless bootstrap
maps (see sections 6.1 and 6.2) in a 20 × 20px box in the center of each stack. This method
gives us uncertainties of σMAG

Afil
= 2.92 × 10−7 for Magneticum and σTHE300

Afil
= 1.36 × 10−7 for

The300. We observe that both simulations are consistent with the observations: 3.32 × 10−7

and 8.17 × 10−7 which, when compared to our measurement, are 1.7 sigma low and 0.4 sigma
high. We will further comment on the factor of 2.5 difference in the filament tSZ amplitude
between the simulations in the discussion section. The full results of the fits can be found
in table 4. The results more relevant for the discussion are summarized in table 5. For the
corner plots of the mcmc, see appendix D.

7 Discussion

In section 5, we reported a measurement of the Compton-y signal measured between massive
(⟨M500⟩ ≈ 3.5×1014 M⊙) clusters detected in the preliminary ACT-DR6v0.1 cluster catalogue.
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Figure 5. Stack of simulated maps from The300, as described in section 6.1. The left panel shows
the average of 100 bootstrap realizations, while the right panel shows the standard deviation. The
white dashed box is the 20 × 20px area used for estimating the uncertainty of the best fit filament
amplitude. Contours are the same as figure 2.

Figure 6. Stack of simulated maps from Magneticum, as described in section 6.2. Panels and contours
are the same as the previous figure.
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Simulation Afil × 10−7 σmcmc
Afil

× 10−7 σboot
Afil

× 10−7 rc [′] lfil [′]

The300 3.32 0.35 1.36 4.54 ± 0.70 20.1 ± 0.7
Magneticum 8.17 0.4 2.92 3.44 ± 0.25 36.5 ± 3.6

Table 5. Best fit results for The300 and MAGNETICUM simulations. We only show the filament
parameters that are relevant for the discussions; see appendix D for the full results.

We measure an excess of y = (7.24+2.48
−2.29) × 10−7 with a significance of 3.3σ.

If we calculate the R500 of the stacked clusters as rs × c500 assuming c500 = 1.81 [44],
and then convert it to R200, we observe that, for the left cluster, R200 = 4.2′. This means
that the center of the filament is at roughly 3 × R200. This gives us confidence that the signal
we observe is located well outside the outskirts of the clusters.

We then compared the measurement with mock observations created from The300 and
Magneticum-pathfinder simulation suites (section 6). The two estimates from simulations
are compatible within 2σ with the observed Compton-y value. Some degree of discrepancy
is expected between the two simulations as they differ in radiative models, AGN feedback,
volume and assumed cosmology. Re-simulations of the same clusters with various simulation
codes and different radiative models [56] found discrepancies of the order of few tens of
percent. In our case, however, we are observing less dense environments, which we expect
to be much more sensitive to AGN feedback. This could explain the higher discrepancy we
observed between the two simulations compared to literature.

7.1 Comparison with literature and evidence for a scaling relation.

The inter-cluster excess we find in our stacked data and the simulations is significantly larger
compared to other works studying the cosmic web by stacking on Planck and/or ACT maps.
However, past studies involved smaller halos, since they used CMASS and LRG galaxies which
are typically associated with halo masses of the order of M500 ≈ 1013 M⊙, about an order of
magnitude smaller than our sample of clusters, whose average mass is M500 = 3.5 × 1014 M⊙.
In these previous studies [27–29], the intercluster signal was found to be y ≈ 10−8, which is
also about an order of magnitude fainter than what we find. Similar results, with a Compton-y
amplitude of the order of 10−8 are found when applying the DisPerSE algorithm on the same
samples of galaxies to build the average radial profile of a large number of filaments [57, 58].

Figure 7 puts our results in the context of the previous studies mentioned before, and
shows a clear scaling of the bridge amplitude with halo mass. This trend is qualitatively
consistent with studies of the cosmic web in cosmological simulations, which have found
evidence for a scaling relation in filaments. Galarraga-Espinosa et al. [59] measured the
radial profiles of filaments identified with the DisPerSE algorithm on a box from the Illustris-
TNG simulation and found a positive correlation between density of the filament and its
temperature, as well as between density and pressure. This correlation means that the SZ
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signal should be enhanced in denser filaments. Furthermore, Zhu et al. [60], studying filaments
in hydrodynamic simulations, linked the density, ρfil, and width of filaments, Dfil, to the mass
of the halos embedded in them, although with a large scatter. In particular, log Dfil ∝ log nfil,
while the density scales approximately as D2

fil. The combination of the former relation with
the latter shows that filaments with massive halos will be denser, hotter and wider. The
combination of our results with the studies stacking on lower density WHIM (figure 7) is
evidence that the scaling relation reported in simulations exists in reality: filaments embedding
massive clusters are denser, hotter and wider, thus showing an enhanced tSZ signal. We fitted
the slope of the relation shown in figure 7 using only the measurements from pair stacking
papers (triangle data points) and observe that the best fit slope of 1.21+0.34

−0.35. However, the
slope we report is mainly driven by our measurement in the high mass range. Although
filaments are not virialized, thus they do not show a self similar behaviour like clusters, we
see that the slope is compatible with the 5/3 slope for clusters. At this stage, with very few
stacking measurements, this result should be taken as a qualitative scaling relation, that can
be used for rough prediction of the expected signal between clusters of a certain mass, but
it will be interesting to physically interpret this scaling relation in the future.

Among the points plotted in figure 7 we also show the four clusters we fitted in section 4.
It is interesting to note that, although the evidence for a bridge component in these systems
is marginal (≈ 2σ), they seem to be consistent with other single filament detections, in
the sense that they systematically appear above the best fit scaling relation. Although not
significant, it might hint that the detections of single filaments are driven by observational
biases, be a consequence of the fact that not all cluster pairs in our stacked sample have a
bridge, biasing our estimate of Afil low. Another possible interpretation is that the bridges
we detect are almost aligned with the line of sight. Although it is difficult to disentangle the
hubble flow from the cluster’s peculiar velocities, for three out of four pairs we show in 4,
their ∆z is rather significant, hinting that we might be observing them at an acute angle,
similarly as the A399-A401 system (as found in Hincks et al. (2022) [22]) or the A3391-3395
system (Tittley et al. 2001 [61]; note that a high resolution investigation of this system is
underway with ACT data by Capalbo et al., in prep). In both scenarios, deeper data from
future surveys will be crucial to better understand the observational biases that are currently
affecting the detection of single filaments.

7.2 Estimate of the overdensity

Another interesting quantity to be compared with other articles is an estimate of the
overdensity of the filament we observe. The tSZ data, however, only allow us to constrain
the pressure, or the product between density and temperature (eq. (1.1)). In order to break
the degeneracy, we would need additional X-ray or lensing data. We defer a more detailed
exploration of using lensing to a future study; here, though, we exploit two scaling relations
to estimate the electron temperature of our stacked result.

The scaling relation between linear halo mass and density reported in Zhu et al. [60]
shows that we can use the width of the filament, which is easier to constrain, especially
with the high resolution of ACT, to break the degeneracy between temperture and density.
Starting from Equation 1.1 and using the scaling relation between Dfil and n reported in Zhu
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et al., and assuming that ne ∝ n, the Compton-y signal will scale as:

y ∝
∫

los
neTedℓ ≈ neTeDfil ∝ D2

filTeDfil ∝ TeD3
fil (7.1)

where ne is the electron density and Te is the electron temperature. We assume that Dfil ∝ rc.
We can then combine two measurements of Dfil and y in different halo mass ranges to estimate
the electron temperature of our cluster sample as follows:

T hi
e

T lo
e

=
(

rlo
c

rhi
c

)3(
yhi

ylo

)
(7.2)

where “hi” and “lo” indicate the high mass and low mass halo samples, y is the peak Compton-
y signal of the best fit cylindrical-β model, Te is the electron temperature and rc is the
core radius of a cylindrical β model. Mallaby-Kay et al. [58] and Tanimura et al. [57], used
the DisPerSE algorithm to compute the stacked Compton-y and lensing κ radial profiles of
filaments identified from the 3D distribution of CMASS galaxies, using respectively ACT
and Planck data. We choose to use the result from Mallaby-Kay et al. since they use our
same dataset: rc = 1.8+0.6

−0.4 Mpc and Te = (5 ± 1) × 106 K. Substituting these values of rc and
Te and the best-fitting rc from our sample listed in 4, we obtain an electron temperature of
(1.5 ± 0.6) × 106 K. We can also extrapolate the electron temperature to our sample with
a linear extrapolation of the temperatures measured in galaxy stacking works [27, 57, 58]
(figure 8). As stated before, we expect the temperature to scale with a slope smaller than the
self-similar value of 2/3. Current data are not sufficient to firmly constrain this index, because
we do not have temperature measurements of filaments in the high mass range, except for few
notable systems. If we do not include these systems, the best fit slope is 0.84+0.56

−0.87, which is
poorly constrained and even compatible with a zero slope within 1σ. Including these clusters
brings the value to 0.78+0.24

−0.24, however, since we mix clusters at different redshifts (stacking
at z ≈ 0.5 and single pairs in the local universe), we do not use this slope. Since we cannot
firmly constrain the electron temperature by fitting the mass-temperature relation, we use the
theoretical slope from self similarity of clusters, T ∝ M2/3, to extrapolate the temperature
measured in Mallaby-Kay et al. to our mass range. We stress that it is a strong assumption,
since filaments are not virialized. However, one might expect that in a sub-virial regime like
the one found in filaments, the slope from clusters can be taken as an upper limit. Assuming
this slope, we obtain a temperature Te = (2.2 ± 0.4) × 107 K. This temperature is significantly
higher than the one derived from the filament thickness scaling relation. On the other hand,
the small Te derived from the scaling relation in Zhu et al. [60] could be underestimated
because of the large scatter of that relation in the high mass range. This further emphasizes
the need for better observations and simulations of the filaments around massive halos. If
we assume the former temperature estimated by combining this work and the results from
Mallaby-Kay et al., we obtain a central overdensity of δ = 25 ± 14. The uncertainty is very
large, and it is driven by the current uncertainty on Te. If we use the latter temperature to
estimate the overdensity, we obtain δ = 2.5 ± 1.7, which is about an order of magnitude lower
than the previous estimate. This large discrepancy between estimates of Te, which impacts
our estimate of the average overdensity δ, shows the need for targeted X-ray measurements,
that will provide a direct measurement of Te and lead to a more precise estimate.
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Figure 7. Measurements of SZ signal from filaments plotted in the ⟨M500⟩ − ŷ plane, where ŷ is the
peak Compton-y signal, showing the correlation between the two quantities. We plot results from pair
stacking works (triangles), DisPerSE stacking works (squares) and single detections (crosses). The
dashed line is the best fit performed only on the pair stacking results (triangles), and the best fit slope
is 1.21+0.34

−0.35. Shaded grey lines shows the uncertainty. The subplot in the bottom-right corner gives a
quick comparison between the stack presented in this work and the simulations described in section 6.

8 Conclusions

In this work we used the ACT DR6v0.1 Compton-y map [36] to measure the elusive matter
bound to dark matter bridges connecting likely interacting galaxy clusters selected from the
preliminary DR6 cluster catalogue. We followed two approaches: single pairs and stacking. In
the single pair approach, we used an MCMC fit, with an approach similar to Hincks et al. [22],
applied to single systems to estimate the Compton-y amplitude of the inter-cluster region.
Among the 284 systems in the catalogue, we have found four systems with a bridge evidence
at S/N > 2. After the MCMC fit, two of the four clusters show evidence at a level > 2σ for a
bridge component using the ACT Compton-y map alone. This result shows the difficulty of
the detection of single filaments between clusters with current instrument sensitivities and
resolutions. Although the results are marginal, the bridge model is not ruled out in any of the
cluster pairs, which are strong candidates for deep, high resolution follow-up observations with
large single dish telescopes, or for multi-wavelength observations in optical and X-ray bands.

In the second part of this work, we performed a stack of multiple systems to explore
their average properties. Following the approach of past studies that used Planck Compton-y
maps, we scaled and aligned cluster pairs in order to place the clusters in the same position.
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Figure 8. Measurements of electron temperature in filaments, showing a correlation between the two
quantities. We plot results from pair stacking works (triangles), DisPerSE stacking works (squares)
and single detections (crosses). The dashed line is the best fit performed on all the data points, and
the best fit slope is 0.78+0.24

−0.24. Fitting on just the stacking data points gives a slope of 0.84+0.56
−0.87.

Shaded grey lines show the uncertainty of the fit with all points included.

We then stacked the maps to obtain an average map. We used the same MCMC fit to
estimate the Compton-y signal of the average bridge observed in the stacked map. We
measured an amplitude of y = (7.24+2.48

−2.29) × 10−7 by stacking 86 cluster pairs with an average
mass ⟨M500⟩ ≈ 3.5 × 1014 M⊙. Including a bridge component in the fit is preferred at
3.3σ compared to the null hypothesis of no bridge component. We compared this value of
Compton-y excess with mock observations reproduced starting from The300 and Magneticum
hydrodynamical simulations and found that the observed amplitude from ACT is consistent
with the simulations. We emphasize that this is the first work based on pair stacking that
directly stacks on massive SZ detected clusters, thus probing a sample of short filaments
hosted between halos in a mass range that was previously unexplored, except for the notable
system A399-401. When comparing this result with other results obtained with Planck data,
we observe consistency with scaling relations derived from simulations. Indeed, the stack of
cluster pairs shows that a mass-SZ scaling relation exists also for filaments, where M is the
mass of the clusters embedded in them, and the best fit slope is 1.21+0.34

−0.35. We qualitatively
find this slope to be compatible with the self-similar slope of clusters, 5/3, although the
virial hypotesis does not hold for filaments. At the current stage, this relation can be used

– 25 –



J
C
A
P
0
8
(
2
0
2
5
)
0
7
8

for predicting the Compton-y signal expected from a filament between clusters of a certain
mass.The slope of the Mhalo − Afil for filaments will be interesting to study in detail, both
from simulations and from future, deeper observations. Current data do not allow us to firmly
constrain the electron temperature of the stacked filament, so we are not able to estimate
the baryon content of filaments in our cluster sample. However, if we assume the wide range
of temperatures that we can derive from scaling relations, we obtain an overdensity range
δ = 2.5 − 25. This underscores the importance of a measurement of the temperature using
X-ray measurements or by combining SZ and lensing. Future surveys from instruments
like the Simons Observatory [62] or AtLAST [63] will increase the yield of clusters and
the Compton-y sensitivity, both for studying individual systems as well enabling binning
in mass and redshift. For instance, the Compton-y sensitivity for AtLAST is predicted to
be σy ∼ 2 × 10−7. According to the scaling relation we observe, it could directly detect
filaments between clusters with a mass of ≈ 1014 M⊙. The increased yield of tSZ data on
individual filaments, combined with the information from future X-ray surveys [64], will be
of fundamental importance for a deeper understanding of the physics of the cosmic web and
its evolution through the history of the universe.
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A Contamination from the cosmic infrared background

The cumulative emission from unresolved dusty star forming galaxies is often referred to
as the cosmic infrared background (CIB). A strong correlation has been found between the
CIB emission and the tSZ signal [68], which is expected as both the distribution of hot
gas in clusters and of galaxies depends on the underlying dark matter distribution. For
this reason, we investigated the impact of the CIB on the stacking measure presented in
section 5. We ran the pipeline on a version of the Compton-y map in which a dust model was
included in the component separation. We then subtracted the CIB-subtracted stack from
the non-deprojected stack (figure 9). We measured the average signal in a 50 × 100 px box
which encloses most of the Compton-y signal from both clusters and the bridge and found an
average ∆yCIB = 3 × 10−8 which is an order of magnitude below the map noise. Therefore,
we conclude that the CIB contamination is negligible, at least with our current errorbars.

B Single pairs fit

In this appendix we show the full results of the MCMC fit on single cluster pairs. A map
of each of the selected clusters is shown in figure 10. Fit statistics and the best fitting
parameters for each model mentioned in section 3 and 3.1 are summarized in table 6. The
corner plots showing the posterior distributions for the best fitting model of each cluster

7http://www.astropy.org
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Figure 9. Residuals between the stack studied in section 5 and the same stack repeated on a
CIB-deprojected version of the Compton-y map. White contours show the Compton-y signal in the
two stacks: filled lines are for the non-CIB subtracted stack, dashed lines are for the CIB subtracted
stack.

pair are presented in figures 11), (12), (13 and 14. We choose to show the best fit bridge
amplitude even if it is not the best fitting model, because it is not firmly disfavoured by the
statistical criteria we used, and it could be a useful indication for future follow-up proposals.
Going through each fitted cluster pair, we report the following results:

• ACT-CL J2336.0−3210 / ACT-CL J2336.3−3206 — This pair has the highest redshift
of the four selected systems, at zpair = 0.62. The redshift separation is ∆z = 6 × 10−3

and the sky separation is 5.5′. The statistical tests show that the best fitting model is
the 2gNFWsph+cyl-β. The likelihood ratio shows a 2.3σ preference with respect to the
2gNFWsph model. The measured excess signal has an amplitude of y = 9.9+4.1

−3.8 × 10−6.

• ACT-CL J0328.2−2140 / ACT-CL J0328.5−2140 — This system has a redshift zpair =
0.59 and a redshift difference of ∆z = 4 × 10−4. The sky separation is 5.2′, which is the
smallest of the systems we have modelled. The overlapping halos at our resolution likely
contaminated the S/N estimate, which is the highest of the pairs, S/N ∼ 3.6. Given
the low S/N of the right cluster, we reduced the number of free parameters by fixing
the core radius of the cylinder to the minimum R500 of the two clusters. The statistical
tests show that the preferred model is 2gNFWsph+cyl-β, and that the bridge tentative
evidence is 1.4σ. Nonetheless, the ∆AIC value with respect to the model including only
the two clusters is < 2, indicating that the models have similar statistical support and
the simpler one is not ruled out.
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• ACT-CL J0245.9−2029 / ACT-CL J0246.4−2033 — The third pair is the lowest redshift
system, with zpair = 0.31, ∆z = 8 × 10−3 and a sky separation of 7.7′. The signal-to-
noise in the intercluster region is S/N=2.9, but as for the previous pair the secondary
cluster is not firmly detected. For this reason, we fixed the core radius of the cylindrical
β model to simplify the fitting model. As in the previous case, a bridge component is
neither clearly preferred nor ruled out. Infact, the ∆AIC between the 2gNFWsph+cyl-β
and 2gNFWsph is comparable with 2. The evidence for the bridge is 2.2σ for the
2gNFWell+cyl-β model and 1.9σ for the 2gNFWsph+cyl-β. The AIC prefers the simpler
model, which is the one including circular clusters, although the bridge significance is
lower.

• ACT-CL J0826.0+0419 / ACT-CLJ0826.4+041 — This system has a redshift zpair = 0.47
and ∆z = 0.01. The two clusters are separated by 5.9 ′. The modeling of this system is
particularly challenging because of the presence of a third foreground cluster at z = 0.2.
We proceeded to fit only the pair of interest and not to add additional complexity by
modeling all three clusters. In this case, the preferred model is the 2gNFWsph. Again,
the ∆AIC with respect to 2gNFWsph+cyl-β is less than 2, thus the bridge model is not
firmly disfavoured. However, the detection is not significant, at less than 1σ.
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centred on the cluster coordinates and they have radii equal to R500. The dashed boxes in white
mark the regions used for the S/N estimate described in the text. The maps have a side-length
of 5 times the projected separation of the clusters, with a pixel resolution of 0.5′. (a): ACT-
CL J2336.0−3210 / ACT-CL J2336.3−3206; (b): ACT-CL J0328.2−2140 / ACT-CL J0328.5−2140;
(c): ACT-CL J0245.9−2029 / ACT-CL J0246.4−2033; (d): ACT-CL J0826.0+0419 / ACT-
CL J0826.4+0416.

C Corner plots for the stacking fit

In this appendix we show the corner plots for the stacking fit. In figure 15, we overplot the
corner plots for the 2gNFW and 2gNFWsph+cyl-β models. Note the multi-moded posterior
for the parameter lfil.

D Corner plots of simulations fits

In this appendix we report the corner plots of the MCMC fit on simulations in figures 16 and 17.

– 30 –



J
C
A
P
0
8
(
2
0
2
5
)
0
7
8

Figure 11. Posterior distributions for free parameters in the best-fitting model 2gNFWsph+cyl-β for
the cluster pair ACT-CL J2336.0−3210 / ACT-CL J2336.3−3206. Subscript ‘C1’ (‘C2’) refers to the
cluster in the right (left) side of the respective y-map (see figure 10 (a)), while ‘b’ refer to the bridge
component. Values of A are in units of Compton-y parameter, while rb is in arcminutes. The contours
are at 16th, 50th and 84th percentiles. These are also indicated with the dashed vertical lines.

Figure 12. Posterior distributions for free parameters in the best-fitting model 2gNFWsph for the
cluster pair ACT-CL J0328.2−2140 / ACT-CL J0328.5−2140. Subscript “C1” (“C2”) refers to the
cluster in the left (right) side of the respective y-map (see figure 10 (b)). Values of A are in units of
Compton-y parameter. The contours are at 16th, 50th and 84th percentiles. These are also indicated
with the dashed vertical lines.
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Figure 13. Posterior distributions for free parameters in the best-fitting model 2gNFWsph for the
cluster pair ACT-CL J0245.9−2029 / ACT-CL J0246.4−2033. Subscript ‘C1’ (’C2’) refers to the
cluster in the left (right) side of the respective y-map (see figure 10 (c)). Values of A are in units of
Compton-y parameter. The contours are at 16th, 50th and 84th percentiles. These are also indicated
with the dashed vertical lines.

Figure 14. Posterior distributions for free parameters in the best-fitting model 2gNFWsph for the
cluster pair ACT-CL J0826.0+0419 / ACT-CL J0826.4+0416. Subscript ‘C1’ (’C2’) refers to the
cluster in the left (right) side of the respective y-map (see figure 10 (d)). Values of A are in units of
Compton-y parameter. The contours are at 16th, 50th and 84th percentiles. These are also indicated
with the dashed vertical lines.
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ACT-CL J2336.0−3210 / ACT-CL J2336.3−3206

β1 β2 A1 [y × 10−5] A2 [y × 10−5] rc [′] Afil [y × 10−6]

3.9+0.6
−0.4 4.5+0.8

−0.6 9.6+1.8
−1.6 12.2+2.6

−2.0 3.4+1.6
−1.3 9.9+4.1

−3.8

ACT-CL J0328.2−2140 / ACT-CL J0328.5−2140

β1 β2 A1 [y × 10−5] A2 [y × 10−5] rc [′] Afil [y × 10−6]

4.3+0.4
−0.3 5.0+1.0

−0.8 14.9+2.0
−1.7 11.1+2.9

−2.5 – 9.4+4.8
−4.9

ACT-CL J0245.9−2029 / ACT-CL J0246.4−2033

β1 β2 A1 [y × 10−5] A2 [y × 10−5] rc [′] Afil [y × 10−6]

5.2+1.2
−1.1 3.4+0.2

−0.1 5.8+1.4
−1.3 9.7+0.8

−0.8 – 6.8+3.2
−3.4

ACT-CL J0826.0+0419 / ACT-CL J0826.4+0416

β1 β2 A1 [y × 10−5] A2 [y × 10−5] rc [′] Afil [y × 10−6]

4.9+0.9
−0.8 4.2+1.9

−1.3 11.3+2.1
−1.7 4.9+2.2

−1.5 – 5.4+3.6
−3.1

Table 6. Best-fitting values for the free parameters adopted in the fit of single cluster pairs (see
section 4). For each cluster pair we report the results for the 2gNFWsph+cyl-β model. The values of
the parameters correspond to the medians of the posterior distributions, with 1σ errors referring to
16th and 84th percentiles. Subscripts “1” and “2” refer to the two clusters, respectively, as reported
in table 1 and figure 10, while subscript “fil” refers to the bridge component.
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Figure 15. Corner plots for the stack. All units dimensions of length are in pixels. Note the
multi-moded posterior for the lfil parameter.
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Figure 16. Corner plots for The300 simulation stack. All units with dimensions of length are in
pixels.
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Figure 17. Corner plots for the Magneticum-Pathfinder simulation stack. All units are in pixels.
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