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El Gordo (ACT-CL J0102-4915) is an extremely massive galaxy cluster (2.13+0.25
−0.23 × 1015𝑀⊙) at

redshift z=0.87, composed of two interacting subclusters with mass ratio 1.52. Hydrodynamical
simulations of the interaction suggest that 𝑉infall ≈ 3000 km/s is required to match the observed
luminosity and morphology of El Gordo. In this work, we determine the probability of finding
a similar object − in terms of total mass, mass ratio, redshift, and infall velocity − in a ΛCDM
context using the cosmological simulation "Jubilee". We find that the probability of detecting
at least one candidate in the simulation box is of 7.33 × 10−8 (i.e, El Gordo is in 5.38𝜎 tension
with the model). The probability decreases to 1.06 × 10−8 (5.72𝜎 tension) when also taking into
account the Bullet Cluster. These systems arise naturally in a Milgromian dynamics (MOND)
cosmology with light sterile neutrinos.
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1. Introduction

According to the current standard model of cosmology (ΛCDM) [1], structures in the Universe
formed in a hierarchical way [2]. That is, smaller structures formed first and then, by accretion
and mergers, they came together to form larger structures. The largest structures in the Universe
which are held together by their own gravity are the galaxy clusters. The redshift (z) at which these
structures are observed can be compared with their predicted formation time scale, which depends
on the cosmological model adopted. This makes them valuable probes to check the applicability of
cosmological models.

In the last years, there have been significant improvements on the capability of the telescopes
to look deeper into space. This has made possible the detection and the analysis of more distant
objects. Recent surveys have already found several objects whose mass, redshift and/or infall
velocity are unusually high, according to ΛCDM expectations (e.g. the Bullet Cluster [3], PLCK
G287.0+32.9 [4], SPT-CL J2106-5844 [5], etc.). A particularly extreme example of this is the
galaxy cluster ACT-CL J0102-4915, also known as "El Gordo".

El Gordo is a supermassive interacting galaxy cluster observed at redshift 𝑧 = 0.87. It was
found by the Atacama Cosmology Telescope (ACT) collaboration in a 455 deg2 survey [6, 7]. It
has a total mass of 𝑀200 = 2.13+0.25

−0.23 × 1015 𝑀⊙ and is composed of two infalling subclusters with
mass ratio 1.52. When the mass of each subcluster is obtained individually, the total mass of El
Gordo is slightly lower 𝑀200 = 1.64+0.40

−0.36 × 1015 𝑀⊙ [8].
The properties of El Gordo were constrained for the first time by [9] from the analysis of

multiwavelength observations. Their results indicated that this galaxy cluster presents a very high
X-ray luminosity and a strong Sunyaev-Zel’dovich (SZ) effect, from which a high collision velocity
can be inferred. They also noted the presence of a wake formed in the X-ray surface brightness
caused by the passage of one subcluster through the other.

Several studies had already pointed out that the properties of El Gordo are quite rare in the
context of ΛCDM [9–11]. In this study we quantify with a detailed analysis the likelihood of
observing an object with the mass, infall velocity and redshift of El Gordo in a ΛCDM cosmology
− considering the mass and mass ratio values given by the latest observations on this cluster [8].

In Section 2 the method followed throughout the study is described, as well as the properties
of the cosmological simulation and the hydrodynamical simulations considered for the analysis; in
Section 3 the statistical analysis used to find the likelihood of observing a El Gordo-like object is
described; the results are shown in Section 4 and, finally, in Section 5, the conclusions are presented.

2. Method

In order to find out the number of El Gordo-like objects that one should expect in a ΛCDM
cosmology, one can use cosmological simulations. These simulations are very useful for under-
standing the properties of the objects that formed at a certain redshift, according to a certain model.
However, they do not have enough resolution to reproduce some of the more detailed features
of these objects (e.g. the two-tailed X-ray morphology of El Gordo can not be reproduced in a
cosmological simulation). Still, it is possible to find objects whose properties could potentially
give rise to these features. That is, objects with properties that are analogous to those of the El
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Gordo progenitors. Hydrodynamical simulations are needed in order to find out what properties of
mass, mass ratio and infall velocity are needed for the progenitor clusters to reproduce the observed
morphology of El Gordo (as well as its luminosity and temperature). The cosmological simulation
and the hydrodynamical simulation used to search for analogues of the El Gordo progenitors and to
constrain their properties, respectively, are briefly described below.

2.1 The cosmological simulation Juropa Hubble Volume (Jubilee)

The Juropa Hubble Volume (Jubilee) [12] simulation is a N-body ΛCDM simulation based on
the Wilkinson Microwave Anisotropy Probe (WMAP) results [13], which contrained the following
values for the cosmological parameters: Ω𝑚,0 = 0.27, ΩΛ,0 = 0.73, h = 0.7, 𝜎8 = 0.8, 𝑛𝑠 = 0.96,
Ω𝑏,0 = 0.044. The simulation is post-processed with the halo identifier Amiga Halo Finder (AHF)
[14, 15], and is available at redshifts z = 0, z = 0.509, z = 1, and z = 6. The lowest halo mass is
composed of 20 particles, each particle having mass of 7.49 × 1010 ℎ−1 𝑀⊙. For this project, their
largest volume box (6ℎ−1 cGpc)3 was used.

2.2 The hydrodynamical simulations

Hydrodynamical simulations are needed to understand the gas dynamics required to reproduce
the temperature, luminosity and morphology of El Gordo. The latest and most complete exploration
of the El Gordo parameter space using hydrodynamical simulations was done by [16]. This is also
the simulation that better reproduces the observed properties of El Gordo. [16] tested two different
scenarios for the interaction. The first scenario (referred to as Model A by the authors) assumed
that the interaction is a very energetic head-on collision between the two subclusters. The best-fit
parameters found by [16] in their Model A are: 𝑀200 = 1.95 × 1015𝑀⊙, mass ratio of 2, and infall
velocity 𝑉infall = 3000 km/s when the subclusters are at twice the sum of their virial radii from
each other. With these parameters, they could generate X-ray surface brightness and mass density
distributions that match the observations. But the twin-tailed X-ray morphology that they obtained
was smaller and more asymmetric than observed, and only appeared when the projected distance
between the clusters was ≈ 600 kpc (≈ 100 kpc smaller than observed).

In their second scenario (Model B), [16] assumed that the interaction took place as a less violent,
off-centred collision. The best-fit parameters in the Model B case are: 𝑀200 = 3.19 × 1015𝑀⊙,
mass ratio of 3.6, and𝑉infall = 2500 km/s at twice the sum of the virial radii of the subclusters. With
these parameters, the model reproduced the temperature and X-ray luminosity of El Gordo and a
two-tailed X-ray morphology that looked more similar to the observed one, in terms of the size and
symmetry of the tails. The projected separation of the simulated subclusters is also closer to the
observed one (≈ 780 kpc).

Even though the fiducial Model B of [16] manages to reproduce the properties of El Gordo better
than their Model A, the mass and mass ratio parameters used in Model A are closer to the values
found by the latest observational studies on the El Gordo mass [8]. Therefore, 𝑉infall = 3000 km/s −
as constrained in Model A − is considered in the following analysis as the expected infall velocity
of the El Gordo progenitors.
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3. Statistical analysis

In order to find the probability of observing an El Gordo-like object in a ΛCDM cosmology,
analogues to the El Gordo progenitors are searched for in the Jubilee simulation box. The conditions
that a pair of halos must fulfill in order to be considered candidates are the following:

1. They must be at 𝑧 ≥ 1, since the aim is to find a configuration prior to the observed one (z =
0.87) in which the subclusters have not yet interacted.

2. They must have turned around from cosmic expansion. That is, the subclusters must poten-
tially be able to fall into each other and, for this, it is required that the scale product of their
velocity and distance vectors is smaller than 0: v · r < 0

3. Their mass ratio must be smaller or equal to the mass ratio expected for the El Gordo
progenitors: mass ratio ≤ 1.52 [8].

4. The ratio �̃� between the infall velocity and the escape velocity at twice the sum of the virial
radii of the subclusters must be higher or equal to the �̃� expected for the El Gordo progenitors
(�̃�𝐸𝐺), assuming 𝑉infall = 3000 km/s for them [16]: �̃� ≥ �̃�𝐸𝐺 = 1.88

5. The total virial mass must be higher or equal to the estimated virial mass of El Gordo
(𝑀200,𝐸𝐺). In order to be as conservative as possible, the lowest mass estimate allowed within
uncertainties in [8] is considered for this analysis: 𝑀200 ≥ 𝑀200,𝐸𝐺 = 1.64 × 1015 𝑀⊙. In
logarithmic scale this corresponds to: �̃� = log10(𝑀/𝑀⊙) ≥ �̃�𝐸𝐺 = 15.21.

El Gordo is such a massive galaxy cluster that, when the total virial mass condition is imposed,
the simulation box runs out of analogues. For a certain redshift, the number (N) of El Gordo
analogues with the expected total mass can still be inferred by plotting the cumulative mass
distribution function of the pairs that match the other conditions (in logarithmic scale) and applying
a quadratic fit to the distribution:

log10 𝑁 (≥ �̃�) = 𝑐0 + 𝑐1�̃� + 𝑐2�̃�
2 , (1)

which can then be extended to �̃�𝐸𝐺 . This distribution and the quadratic fit are shown in Fig.1
for the simulation snapshot at z=1. Fig.1 also shows the mass distribution of analogues when the �̃�

condition is relaxed to �̃� > 0.
The value of the coefficients 𝑐0, 𝑐1, and 𝑐2 in Eq.1 varies for each redshift (or scale factor

𝑎 = 1/(1 + 𝑧)) at which the cumulative mass distribution is fitted. To infer the value for each of
these coefficients at any 𝑎, the cumulative mass distribution is fitted in the 𝑧 = 0, 𝑧 = 0.509, and
𝑧 = 1 snapshots in the Jubilee simulation. This provides three different values for each coefficient,
which can then be fitted by a quadratic function (in logarithmic scale). With this, it is possible to
reformulate Eq.1 as:

log10 𝑁 (≥ �̃�) = 𝑐0(𝑎) + 𝑐1(𝑎)�̃� + 𝑐2(𝑎)�̃�2 . (2)

Then, the number of analogues found in the Jubilee box volume (6.3 × 1011 cMpc3) at any mass
and 𝑎 is scaled to the survey volume in which El Gordo was originally observed (≈ 4× 108 cMpc3).
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Figure 1: Cumulative mass distribution function of the candidate pairs in the 𝑧 = 1 simulation box. These
pairs match the turn around and the mass ratio ≤ 1.52 conditions. The orange points match the additional
condition �̃� > 0, and the green points match the �̃� > �̃�𝐸𝐺 condition, for �̃�𝐸𝐺 = 15.21 and �̃�𝐸𝐺 = 1.88. Both
distributions are fitted with a quadratic function. The black vertical line indicates the assumed total mass (in
logarithmic scale and solar mass units) for the pair of El Gordo subclusters [8].

Fig.2 shows a grid of 𝑎 and �̃� values where the corresponding number of analogues in each pixel
is represented with a color gradient.

The number of analogues with 𝑀 and 𝑎 in a less likely region of parameter space than El
Gordo progenitors is then converted to a probability using Poisson statistics: 𝑃 = 1 − exp (−𝑁).
This probability can be related to the number of standard deviations by the Gaussian equation:
1 − 1√

2𝜋

∫ 𝜒

−𝜒 exp
(
−𝑥2/2

)
𝑑𝑥 ≡ 𝑃.

As mentioned in Section 1, El Gordo is not the only problematic object for ΛCDM. The
Bullet cluster is well-known for its unusually high infall velocity, estimated in 3000 km/s [17].
The combined tension between the Bullet Cluster and El Gordo can be obtained approximately by
adding the square of the El Gordo 𝜒 value (𝜒𝐸𝐺) to 𝜒2

𝐵𝐶
.

4. Results

Following the method described Section 3, the inferred probability of finding an El Gordo-
like object in the survey volume in which El Gordo was observed is 1.07 × 10−6 (4.88𝜎), for
the conservative mass estimate 𝑀200 = 1.64 × 1015 𝑀⊙, and the infall velocity inferred from the
hydrodynamical simulations of [16] 𝑉infall = 3000 km/s. It is worth noting that the mass considered
in the analysis is the one obtained when each of the subcluster’s mass is measured individually,
however, their joint fit should be more representative of the total mass of the cluster, as both clusters
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Figure 2: Contour plot of the number of analogues expected to be found in the El Gordo survey volume, as
a function of the scale factor 𝑎 and the mass �̃� in logarithmic scale and solar mass units. The number of
analogues, represented with the color gradient, is scaled by the pixel area 𝛿�̃� × 𝛿𝑎 = 10−4 and expressed in
logarithmic scale. The black lines represent the contour lines corresponding to 1𝜎, 3𝜎, and 5𝜎 levels. The
red cross marks the pixel corresponding to the �̃� and 𝑎 expected for the progenitors of El Gordo. The red
line is the contour level that corresponds to the probability of observing an analogue in the survey volume.

are considered simultaneously in the weak lensing analysis. When considering the nominal value
for the joint mass fit 𝑀200 = 2.13 × 1015 𝑀⊙, the probability decreases to 7.33 × 10−8 (5.38𝜎).

[18] found that only 0.1 systems similar to the Bullet Cluster can be expected within 𝑧 < 0.3
in the whole sky, assuming a ΛCDM cosmology. However, the survey in which the Bullet Cluster
was found only covered 5.4% of the sky. When accounting for the size of the survey region, the
probability of observing a Bullet Cluster-like object is 5.4 × 10−3 (2.78𝜎).

The combined tension between the El Gordo and the Bullet Cluster (obtained as described
in Section 3) amounts to 5.26𝜎 when assuming 𝑀200 = 1.64 × 1015 𝑀⊙. For the joint mass fit
𝑀200 = 2.13 × 1015 𝑀⊙, the tension increases to 5.72𝜎.

From this, it can be concluded that the ΛCDM model is rejected with a confidence > 5𝜎.
Other cosmological models have also attempted to reproduce this extreme objects. An example of
this is the Neutrino (a) Hot Dark Matter model (aHDM) [19]. This model assumes sterile neutrinos
(instead of the ΛCDM cold dark matter) and Milgromian gravity [20]. With this model, [10] found
about one El Gordo analogue in their simulation box. Therefore, it can be relevant to further explore
models like aHDM as possible alternatives to the current standard model.
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5. Conclusions

Assuming the model parameters from [8] and [16], the El Gordo galaxy cluster contradicts the
ΛCDM model at 4.88𝜎, even when assuming a conservative mass estimate. For the nominal mass
estimate, the tension rises to 5.38𝜎. It should also be taken into account that, besides of El Gordo,
there are other problematic objects for the ΛCDM model in the sky. One of the most well-known
examples is the galaxy cluster known as the Bullet Cluster. The high infall velocity inferred for its
two subclusters makes this object a 2.78𝜎 outlier in the ΛCDM model − when scaling the result of
[18] to the sky area in which the Bullet Cluster was discovered. Observing both El Gordo and the
Bullet Cluster in their respective survey areas yields a combined tension of 5.26𝜎 (5.72𝜎 for the
nominal mass of El Gordo). It can therefore be concluded that the observations of these extreme
objects pose an important challenge to ΛCDM cosmology. The existence of these objects is more
plausible in alternative models such as the aHDM cosmology [10, 21].

Data availability

The data underlying this article are available in the article.
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