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ABSTRACT
We present the radial distribution of the dark matter in two massive, X-ray luminous galaxy
clusters, Abell 2142 and Abell 2319, and compare it with the quantity predicted as apparent
manifestation of the baryonic mass in the context of the �Emergent Gravity� scenario, recently
suggested from Verlinde. Thanks to the observational strategy of the XMM–Newton Cluster
Outskirt Programme (X-COP), using the X-ray emission mapped with XMM–Newton and
the Sunyaev�Zel�dovich signal in the Planck survey, we recover the gas density, temperature
and thermal pressure pro�les up to �R200, allowing us to constrain at an unprecedented level
the total mass through the hydrostatic equilibrium equation. We show that, also including
systematic uncertainties related to the X-ray-based mass modelling, the apparent �dark� matter
shows a radial pro�le that has a shape different from the traditional dark matter distribution,
with larger discrepancies (by a factor of 2�3) in the inner (r < 200 kpc) cluster�s regions and
a remarkable agreement only across R500.

Key words: galaxies: clusters: individual: Abell 2142 � galaxies: clusters: individual: Abell
2319 � galaxies: clusters: intracluster medium � dark matter � X-rays: galaxies: clusters.

1 INTRODUCTION

The distribution of the gravitating mass in galaxy clusters is one of
the key ingredients to use them as astrophysical laboratories and cos-
mological probes (see e.g. Allen, Evrard & Mantz 2011; Kravtsov &
Borgani 2012). In the present favourite � cold dark matter (�CDM)
scenario, galaxy clusters are dominated by dark matter (80 per cent
of the total mass), with a contribution in the form of hot plasma
emitting in X-ray and detectable through the Sunyaev�Zel�dovich
(SZ; Sunyaev & Zel�dovich 1972) effect (about 15 per cent of the
total mass, i.e. MDM/Mgas � 4�7) and the rest in stars (few per cent;
see e.g. Gonzalez et al. 2013). Although an intriguing and plausi-
ble explanation to the observed gravitational effects induced from
galaxy clusters, the still unknown nature of the dark matter invites
to consider alternative scenarios.

In this Letter, we present and discuss the application of one
such alternative model, the �Emergent Gravity� theory proposed
recently in Verlinde (2016), to the mass distribution in X-ray lumi-
nous galaxy clusters. The �Emergent Gravity� theory is a theoretical
framework in which space�time and gravity emerge together from
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the entanglement structure of an underlying microscopic theory.
Although a description of the cosmology is not yet available for
this theory, where, in the approximation used by Verlinde, the dark
energy dominates our universe and ordinary matter leads only to
small perturbations, the use of an effective �CDM background
cosmology to convert angular into physical scales is still a rea-
sonable approximation at the low-redshift regime where we oper-
ate. For the �CDM model, we adopt the cosmological parameters
H0 = 70 km s�1 Mpc�1 and �m = 1 � �� = 0.3. In a similar
context, the �Emergent Gravity� theory has already shown a good
capability to reproduce the observed signal of the galaxy�galaxy
lensing pro�les (Brouwer et al. 2016) and the velocity dispersion
pro�les of eight dwarf spheroidal satellites of the Milky Way (Diez-
Tejedor et al. 2016).

In this study, we refer often to radii, R�, and masses, M�, that
are the corresponding values estimated at the given overdensity �
as M� = 4/3 � � �c,zR3

�, where �c,z = 3H 2
z /(8�G) is the critical

density of the universe at the observed redshift z of the cluster and
Hz = H0 [�� + �m(1 + z)3]0.5 is the value of the Hubble constant
at the same redshift.

This Letter is organized as follows. In Section 2, we describe
the �Emergent Gravity� scenario and how an apparent dark matter
distribution can be associated with the observed baryonic mass. In
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Figure 1. Particle-background-subtracted, adaptively smoothed and vignetting-corrected XMM–Newton mosaic images of X-COP clusters in the [0.7�1.2] keV
band of Abell 2142 (left-hand panel) and Abell 2319 (right-hand panel). The corresponding Planck Compton-parameter contours are shown in white. The
contour levels correspond to 1, 3, 5, 7, 10, 15, 20, 30, 40 and 50� . The red circles indicate the estimated value of R500.

Section 3, we present the dark matter pro�les reconstructed through
techniques based on X-ray and SZ data only in two massive galaxy
clusters that are part of the XMM–Newton Cluster Outskirt Pro-
gramme (X-COP) sample, an XMM-Newton Large Programme that
targets the outer regions of a sample of 13 massive clusters in the
redshift range 0.04�0.1 at uniform depth. In Section 4, we compare
these dark matter pro�les with the ones recovered through �Emer-
gent Gravity�, assessing the systematic uncertainties affecting the
X-ray mass measurements, and summarize our main �ndings in Sec-
tion 5. Unless mentioned otherwise, the quoted errors are statistical
uncertainties at a 1� con�dence level.

2 APPARENT DARK MATTER IN THE
EMERGENT GRAVITY

In the �Emergent Gravity�, dark matter can appear as manifestation
of an additional gravitational force describing the �elastic� response
due to the entropy displacement, and with a strength that can be
described in terms of the Hubble constant and of the baryonic
mass distribution for a spherically symmetric, static and isolated
astronomical system as (equation 7.40 in Verlinde 2016)
� r

0

G M2
DM,EG(r �)
r �2 dr � =

MB(r) cH0 r
6

. (1)

By operating the derivatives with respect to the radius of the two
terms, and rearranging the quantities to isolate the dark matter com-
ponent MDM, it is straightforward to show that the following relation
holds:

M2
DM,EG(r) =

cH0

6G
r2 d(MB(r) r)

dr

=
cH0

6G
r2

�
MB(r) + r

dMB(r)
dr

�

=
cH0

6G
r2 �

MB(r) + 4�r3�B(r)
�

=
cH0

6G
r2MB(r) (1 + 3�B), (2)

where MB(r) =
� r

0 4��Br �2dr � = Mgas(r) + Mstar(r) is the bary-
onic mass equal to the sum of the gas and stellar masses, and
�B is equal to �B(r)/ fl�B, with fl�B = MB(r)/V(<r) representing
the mean baryon density within the spherical volume V(<r). In
our case, the gas mass has been obtained from the integral over
the cluster�s volume of the gas density that is obtained from
the geometrical deprojection of the observed surface brightness
(Fig. 1), including a careful treatment of the background sub-
traction. This allows us to resolve the signal out to about R200.
The stellar mass has been estimated by using a Navarro�Frenk�
White (NFW, Navarro, Frenk & White 1997) pro�le with a con-
centration of 2.9 (see e.g. Lin, Mohr & Stanford 2004) and by
requiring Mstar(<R500)/Mgas(<R500) = 0.39 (M500/1014 M�)�0.84

(Gonzalez et al. 2013).
It is worth noting that equation (2) can be expressed as an ac-

celeration gEG depending on the acceleration gB induced from the
baryonic mass:

gEG = G
MDM,EG + MB

r2

= gB
�
1 + y�1/2�

, (3)

where y = 6/(cH0) × gB/(1 + 3�B). Equation (3) takes a form very
similar to the one implemented in MOND (e.g. Milgrom & Sanders
2016) with a characteristic acceleration a0 = cH0(1 + 3�B)/6.

3 DARK MATTER WITH THE HYDROSTATIC
EQUILIBRIUM EQUATION

We evaluate how the apparent dark matter pro�le described in equa-
tion (2) reproduces the mass distribution recovered by using the
hydrostatic equilibrium equation applied to two massive, X-ray lu-
minous galaxy clusters that are part of the X-COP sample. The
X-COP (Eckert et al. 2017) has been built to target the outer re-
gions of a sample of 13 massive clusters (M500 > 3 × 1014 M�)
in the redshift range 0.04�0.1 at uniform depth. The sample was
selected based on the signal-to-noise ratio in the Planck SZ survey
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