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a b s t r a c t

The dark matter halo surface density, given by the product of the dark matter core radius (rc ) and
core density (ρc ) has been shown to be a constant for a wide range of isolated galaxy systems.
Here, we carry out a test of this ansatz using a sample of 17 relaxed galaxy groups observed using
Chandra and XMM-Newton, as an extension of our previous analysis with galaxy clusters. We find

that ρc ∝ r
−1.35+0.16

−0.17
c , with an intrinsic scatter of about 27.3%, which is about 1.5 times larger than

that seen for galaxy clusters. Our results thereby indicate that the surface density is discrepant with
respect to scale invariance by about 2σ , and its value is about four times greater than that for galaxies.
Therefore, the elevated values of the halo surface density for groups and clusters indicate that the
surface density cannot be a universal constant for all dark matter dominated systems. Furthermore,
we also implement a test of the radial acceleration relation for this group sample. We find that the
residual scatter in the radial acceleration relation is about 0.32 dex and a factor of three larger than
that obtained using galaxy clusters. The acceleration scale which we obtain is in-between that seen
for galaxies and clusters.

© 2021 Elsevier B.V. All rights reserved.
e
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1. Introduction

In a recent work [1] (GD20, hereafter), we carried out an
bservational test using a sample of 12 relaxed galaxy clusters ob-
erved using the Chandra X-ray observatory [2], to ascertain if the
ark matter halo surface density is constant. This was motivated
y the claim from some groups that the dark matter halo surface
ensity has been observed to be invariant, for a wide variety of
ystems spanning over 18 orders in blue magnitude, for a diverse
uite of systems from spiral galaxies to dwarf galaxies [3–6]. This
ark halo surface density (Ssurf ) is given by the product of core
adius (rc) and core density(ρc).1

surf = ρc × rc (1)

Both rc and ρc were obtained by fitting a Burkert [7] or other
cored profiles, or in a model-independent fashion as done in
GD20 or [8]. The current best-fit values for the dark matter
surface density for single galaxy systems is given by log(ρcrc) =

(2.15 ± 0.2) in units of M⊙pc−2 [6].
The main premise behind the above results is that all dark

matter profiles are cored. However, the cored profiles do not

∗ Corresponding author.
E-mail addresses: ph19resch01001@iith.ac.in (Gopika K.),

hantanud@phy.iith.ac.in (S. Desai).
1 Note that ρ is also sometimes referred to as central density [4].
c
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212-6864/© 2021 Elsevier B.V. All rights reserved.
provide a pristine fit to all types of systems from dwarf galaxies
to clusters, some of which need cuspy profiles [9–14]. Therefore,
this result has been disputed by other authors, who argue that
the halo surface density is correlated with the luminosity, mass,
and other galaxy properties [15–21].

Given these conflicting results, a further test of the constancy
of dark matter halo surface density for a large suite of astro-
physical systems would be an acid test for ΛCDM as well as
various alternatives. For example, it has been shown recently
that the observed constant surface density is in tension with
predictions from fuzzy dark matter models, thus ruling them
out [22]. A recent recap of the predictions of some of the myriad
theoretical scenarios for the halo surface density can be found
in GD20. Prior to GD20, there was only one work [8], which
implemented this test for a large sample of galaxy clusters and
showed that the power-law exponent for the relation between
ρc and rc ranges from −1.46 to −1.6, instead of −1, which is
xpected for a constant halo density. GD20 then showed using the
handra cluster dataset that ρc ∝ r−1.08±0.55

c , indicating that the
halo surface density is almost invariant. GD20 showed that they
could reproduce the earlier result [8] for the Chandra dataset by
neglecting the stellar and gas mass contribution to the total mass,
similar to the analysis in [8]. However, the observed dark matter
halo surface density in GD20 (and also [8]) is about an order of
magnitude higher (log(rcρc) ∼ 3 in units of M⊙pc−2) than what
has been deduced for single galaxy systems [6]. Therefore, at face
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alue this clearly shows the dark matter surface density of haloes
annot be universal (constant) at all scales, as claimed in [3].
It is still an open question, on whether the elevated halo sur-

ace density for galaxy clusters is consistent with hydrodynam-
cal simulations of ΛCDM and alternatives [1]. Therefore, given
the observed increase in surface density for cluster scale haloes
compared to galaxies, it is imperative to carry out this test for as-
trophysical systems in an intermediate mass range, which bridge
the gap between single galaxies and clusters. Groups provide the
ideal laboratory for this purpose.

Another intriguing observational result was found by [23,24],
who obtained a pristine deterministic relation between the bary-
onic (abar ) and total acceleration (atot ) from spiral galaxies in the
PARC galaxy sample, with the scatter attributed to observational
ncertainties. A similar relation has also been observed for ellip-
ical galaxies [25]. This has been dubbed as Radial Acceleration
elation (RAR).

tot =
abar

1 − e−
√
abar /a0

, (2)

where a0 ∼ 1.2 × 10−10 m/s2 [23]. More generally, this relation
can be recast as a linear regression between atot and abar in log–
log space [26,27]. A few groups have disputed the existence of
this acceleration scale using the same data or found higher scatter
using other samples [28–31]. Nevertheless, this relation can be
shown to be a trivial consequence of the MOND paradigm [32].
There are conflicting results in literature on whether ΛCDM
simulations and semi-analytical models can reproduce the accel-
eration scale and the tight scatter (See [33] for an up-to-date
recap of most of these predictions). Most recently, [33] has shown
that they can reproduce the observed scatter in the RAR from
quasi-adiabatic relaxation of dark matter haloes in the presence
of baryons. Although, it is known for more than three decades
that the MOND phenomenology cannot obviate the need for dark
matter in galaxy clusters [34,35], a test of RAR would be an acid
test for the models which reproduce MOND behavior at galactic
scales but need dark matter at cluster scales. Motivated by these
considerations, multiple groups [26,27,36,37] carried out a test of
the RAR using different samples of galaxy clusters. These analyses
found a tight scatter of between 0.11 to 0.13 dex and an elevated
acceleration scale a0 ∼ 10−9 m/s2. This acceleration scale is again
about an order of magnitude larger than that seen for galaxies in
the SPARC sample.

As a follow-up to these sets of tests, we now carry out a test
of both a constant dark matter halo surface density and RAR
for galaxy groups. Galaxy groups are less massive, gravitationally
bound systems compared to galaxy clusters, with intra-group
temperatures less than 2 keV [38,39]. However, they cannot be
considered as scaled down versions of massive clusters, only
because of their shallow gravitational potential. Groups are much
more susceptible to complex baryonic physics. For these rea-
sons, groups have proved to be excellent laboratories for under-
standing the baryonic physics needed for understanding galaxy
formation [38,40–43].

Although, MOND has been tested (and disfavored) with X-ray
selected relaxed groups [44], there has been no test of RAR or con-
stant halo surface density for galaxy groups. Since galaxy clusters
point to an acceleration scale and halo surface density, about an
order of magnitude higher than for galaxies [1,36], galaxy groups
provide the ideal dataset to bridge the gap between the two.
Combining the surface density data of groups with cluster enables
us to increase the dynamic range to test the scaling with M200, as
predicted in some theoretical models [18,45].

This manuscript is structured as follows. We describe the G07
group sample and associated models for the mass and accelera-
tion profile in Section 2. Our analysis and results for the relation
2

between core radius and density and the radial acceleration rela-
tion (RAR) can be found in Section 3 and Section 4, respectively.
We also test for a dependence of the dark matter scale parameters
with mass and luminosity in Section 5. Our results on the dark
matter column density (another variant of the surface density)
are presented in Section 6. We conclude in Section 7.

2. Data sample

We use X-ray observations of 17 galaxy groups with redshifts
up to z = 0.08 from Gastaldello et al. (G07) and Zappacosta
et al. (Z06) for this work. These groups were imaged with Chandra
and/or XMM-Newton. The Chandra satellite has a high spatial
resolution, which helps in resolving the temperature and density
profiles in the cores. On the other hand, the high sensitivity of
XMM-Newton provides very good signal-to-noise (S/N) ratios in
the outer regions. Their exposure times ranged from 10 to 75
ks. These groups with masses (1013

− 1014M⊙) span the range
between galaxies and clusters, with temperatures between 1 and
3 keV. The groups were imaged up to outer radii of 730 kpc
(cf. Table 1 in G07). More details of the observations and data
reduction can be found in the aforementioned works [46,47]. The
dataset in G07 and Z06 consists of the brightest and the most
relaxed groups, which were selected in order to derive robust
constraints on the mass profiles. This allows us to apply the
equation of hydrostatic equilibrium to obtain the masses. The
only exception is RGH 80, which has been proposed to be a sub-
merging group [48]. In G07, it has been included as it is part of
a complete X-ray flux limited sample observed by Chandra and
so that it can be used for comparing against the very relaxed
systems. The X-ray brightness and temperature was fitted with 3-
D parametric models described in G07. More detailed description
about these parametric gas density and temperature models for
this sample of galaxy groups can be found in G07 and Z06.

2.1. Mass and density in groups

As the groups we choose for this analysis are relaxed systems,
we can apply the equation of hydrostatic equilibrium in these
systems in order to determine their total gravitating mass. Errors
due to hydrostatic equilibrium assumption could contribute a
systematic error of up to ∼15% [49]. Hence, the total mass of
the galaxy groups can be derived, given the temperature and gas
density models and also assuming an ideal gas equation of state
as [50]

M(r) = −
kT (r)r
Gµmp

(
d ln ρg

d ln r
+

d ln T
d ln r

)
(3)

The 3-D temperature and gas density data were obtained by
fitting the X-ray data with the parametric models available in
G07. These temperature and gas density data thus obtained were
used to derive the mass using Eq. (3). The temperature and
density points at various radii for each of these groups were made
available to us (F. Gastaldello, private communication). We used a
spline interpolation to determine the derivatives of the logarithm
of the gas density and temperature needed to evaluate Eq. (3).
The only exception was A2589, for which we used the best-fit
values of the parametric models available in Z06, to derive the
temperature and gas density profiles, and thereby the mass.

Once we have the total mass, we then subtract the baryonic
mass in order to obtain the dark matter mass:

MDM = M(r) − Mbaryon (4)

where, M = M + M (5)
baryon gas BCG



Gopika K. and S. Desai Physics of the Dark Universe 33 (2021) 100874

H
C
f

M

t
w
r
u

3

s

f

i

−

r
s

M
b

l

ere, Mgas and MBCG denote the mass of the gas and Brightest
luster galaxy (BCG) respectively. The gas mass can be obtained
rom the gas density assuming spherical symmetry:

gas =

∫
4πr2ρg (r)dr (6)

For most of the groups in this sample, the stellar contribution
from the non-central galaxies is below 10% except for AWM 4 and
A262. In order to account for the stellar counterpart, we subtract
a BCG constant mass from the total mass, similar to the analysis
in [44]. The mass of the BCG is determined with the assumption
that M/LK = 1, where LK is the luminosity in the K -band. This
ansatz is valid for the older stellar populations and a Kroupa
IMF [51]. However, for a Salpeter IMF, M/Lk ratio can increase up
to 50% [52]. Note however that in G07, the stellar mass has been
modeled using a De Vaucouleurs profile. The K -band luminosities
for all the groups have been obtained from G07 and [44].

The density of the dark matter halos can be obtained from the
mass distribution by positing spherical symmetry:

ρDM (r) =
1

4πr2
dMDM

dr
(7)

The errors in the temperature and gas density for the selected
radii for the groups in G07 were also made available to us, (F.
Gastadello, private correspondence) which were used to prop-
agate the errors in mass and density of the dark matter halos.
For A2589, the errors were determined by propagating the errors
of the best-fit parameters of the temperature and gas density
models in Z06. The errors in the spherical symmetry assumption
could be up to 5%, as discussed in GD20 and references therein.
These were not included in our error budget. We also do not
consider the errors due to the uncertainty in the stellar mass
distribution in our analysis.

The dark matter core density (ρc) and core radius (rc) is
obtained by fitting the halo density to a Burkert profile [3,7],

ρ(r) =
ρcr3c

(r2 + r2c )(r + rc)
(8)

2.2. Acceleration profile in groups

In order to test the RAR for groups, we need to determine
the total acceleration as well as that due to only the baryonic
content at different radii from the center. The total acceleration
was synthesized from the total mass (obtained from Eq. (3)),

atot =
GM(r)
r2

(9)

Similarly, it is straightforward to determine the acceleration due
to the baryons alone, given the baryonic mass (obtained from
Eq. (5)). Thus, we have,

abaryon =
GMbaryon

r2
(10)

Again, we assume spherical symmetry for the calculation of
otal mass. The acceleration was determined at the same radii for
hich the temperature and density values were available. These
adii are not the same for all the groups used in our analysis. We
sed a total of 178 data points for all the groups.

. Analysis and results

We now discuss our results on the constancy of the halo
urface density and RAR.
3

Table 1
Estimated values for the core density (ρc ) and the core radius (rc ) for the Z06
and G07 galaxy group sample. The median value of their product, Ssurf is equal
to 612 M⊙/pc2 .
Galaxy Group ρc 10−3M⊙pc−3 rc kpc

IC 1860 9.33 ± 0.49 53.34 ± 1.65
A262 15.49 ± 1.30 53.38 ± 2.19
A2717 4.36 ± 0.24 115.92 ± 5.02
AWM 4 9.19 ± 1.01 76.96 ± 6.16
ESO 3060170 17.70 ± 0.56 56.10 ± 2.22
ESO 5520200 3.21 ± 0.52 120.87 ± 12.54
MKW 4 21.76 ± 3.49 41.73 ± 2.70
MS 0116.3–0115 7.09 ± 0.93 71.09 ± 6.29
NGC 533 12.37 ± 3.50 39.61 ± 4.29
NGC 1550 45.72 ± 13.10 21.86 ± 2.78
NGC 2563 11.49 ± 5.07 38.11 ± 6.88
NGC 4325 17.76 ± 2.54 35.15 ± 3.36
NGC 5129 8.13 ± 0.99 42.63 ± 4.71
RGH 80 21.68 ± 3.57 28.24 ± 1.94
RX J1159.8+5531 18.75 ± 3.01 47.03 ± 4.07
NGC 5044 87.32 ± 27.73 16.97 ± 2.36
A2589 6.29 ± 0.15 83.11 ± 1.15

3.1. Determination of scaling relations

The ρc and rc values along with the 1σ errors for the sample
of 17 groups determined by fitting the density profiles to Eq. (8),
as prescribed in Section 2.1 are tabulated in Table 1. The core
density and core radius are plotted on log–log scale in Fig. 1. We
find (similar to previous works) that the core density is inversely
proportional to the core radius. We now determine the scaling
relation between ρc and rc in the same way as in GD20, by fitting
or y = mx + b, where y ≡ ln(ρc) and x ≡ ln(rc).

We estimated the best-fit parameters of m and b by maximiz-
ng the logarithm of likelihood function given by:

2 ln L =

∑
i

ln 2πσ 2
i +

∑
i

[yi − (mxi + b)]2

σ 2
i

(11)

σ 2
i = σ 2

yi + m2σ 2
xi + σ 2

int

An unknown intrinsic scatter (σint ), considered as a free pa-
ameter, is added in quadrature to the errors in x (σx) and y (σy),
imilar to our previous works [1,36,53].
The maximization of the likelihood is done using the emcee

CMC sampler [54]. The best-fit value for the scaling relation
etween ρc and rc , which we obtained is given by:

n
(

ρc

M⊙pc−3

)
= (−1.35+0.16

−0.17) ln
(

rc
kpc

)
+(0.94+0.66

−0.68) (12)

with an intrinsic scatter of (27.3+9.2
−8.9)%. The best fit values and

their 1σ levels for the slope (m), intercept (b) are superposed
in Fig. 2 along with the data. We find that the intrinsic scatter
for this scaling relation is about a factor of 1.5 times larger than
what was seen for the Chandra cluster sample analyzed in GD20.
Therefore, the relation between ρc and rc is not as tight as seen for
galaxy clusters. We find a deviation from a constant dark matter
halo density at about 2.0σ . We also redid the analysis by omitting
the RGH 80 group data (given that it may not be in hydrostatic
equilibrium), and obtained a slope of −1.40+0.18

−0.17 with an intrinsic
scatter of 27.3%. Therefore, we find that this group does not make
an appreciable difference to the final results.

Finally, the median value of Ssurf for our sample is equal to
612 M⊙/pc2, which is about four times larger than the values
for single galaxies [6], but still smaller than what was obtained
for galaxy clusters in GD20. Therefore, this shows that the halo
surface density cannot be a constant across all scales.
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Fig. 1. ρc versus rc for the Z06 and G07 group sample. The black dashed line
represents the fitted line from this analysis (ρc ∝ r−1.35

c ). The cyan line shows
he fit obtained for the clusters analyzed in GD20 [1].
4

4. Radial acceleration relation in groups

We have also used this same dataset to implement a test
for the RAR, similar to the analysis in [36] (P21, hereafter). The
estimated total and baryonic acceleration for the radii for which
the data and errors were available to us was stacked together.
A plot showing the relation between the two in the logarithmic
space can be found in Fig. 3.

To test the RAR, a linear regression was done by maximizing
the log-likelihood function (Eq. (11)) in the same way as was done
in the previous sub-section. Here, x ≡ ln(atot ) and y ≡ ln(abaryon),
and their errors are denoted by σx and σy, respectively as before.
We again incorporate an intrinsic scatter as a free parameter. We
obtained atot ∝ a0.36±0.02

baryon with an intrinsic scatter of 42%. The
best-fit results are tabulated in Table 2, and can be compared
with the results from other cluster data. The 68%, 90%, and 99%
marginalized confidence intervals for m, b, and σintrinsic can be
found in Fig. 4.

The residual scatter in the RAR for this group sample is σ =

0.32 dex. Similar to P21, this was obtained by fitting a Gaussian
Fig. 2. Plot showing the 68%, 90% and 99% marginalized credible intervals for m (slope), b (intercept), and ln σi (intrinsic scatter) for the linear relation between ρc
nd rc in log–log space.
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able 2
ummary of results for a linear regression of ln(atot ) versus ln(abaryon) from different group and cluster samples.

Slope Intercept Intrinsic scatter Residual scatter(dex) a0 (m/s2) Data sample

0.36+0.02
−0.02 −13.87+0.45

−0.45 0.42 ± 0.02 0.32 (0.88 ± 0.06) × 10−9 XMM and Chandra (this work)

1.09+0.07
−0.07 4.21+0.1

−0.1 1.36 ± 0.02 0.11 (1.12 ± 0.11) × 10−9 XCOP [36]

0.51+0.04
−0.05 −10.17+0.03

−0.03 0.49 ± 0.02 0.11 (2.02 ± 0.11) × 10−9 CLASH [26]
o
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Fig. 3. A test of the RAR using the 17 groups from Z06 and G07 sample. The
crimson solid line is the fit from our analysis.

function to the frequency distribution of the difference between
log10(aobs) and log10(aexpected). The standard deviation of the fitted
Gaussian function gives the residual scatter in dex, which is used
to characterize the tightness of RAR relation of this sample. As
we can see, the residual scatter obtained (0.32 dex) is about
three times higher than what was obtained with the cluster
samples [26,36,37] or for galaxies [55]. Therefore, we conclude
that our sample of galaxy groups does not show the same tight
scatter seen previously for other astrophysical systems.

The acceleration scale (a0) is evaluated in the same way as in
P20 (See also [26]). The slope for the linear regression is fixed to
0.5 in the regression relation, thereby recasting the RAR relation
as adyn =

√
a0abaryon. The best-fit value with this assumption for

0 is (0.88±0.06)×10−9 m/s2, which is slightly lower than what
as obtained for CLASH [26] and XCOP [36] data, but still larger
han what was seen for the SPARC sample [23].

. Correlation with mass and luminosity

We now use our estimates for Ssurf to test for any putative
orrelation with mass and luminosity, which have been reported
sing observational data on galactic scales [4,18,21], and also to
est the predictions of some theoretical models [18,45]. We carry
ut a regression analysis in log–log space between each of the
bservables. A summary of these results along with the intrinsic
catter for each of these relations is summarized in Table 3.
To check for a correlation of Ssurf with the halo mass, similar

o GD20, we use M200 as a proxy, where M200 is the mass at
he over-density ∆ = 200 with respect to the critical density.
M200 values were available in G07 and Z06, which were obtained
through NFW [56] fits. The dark matter surface density (S) for
each of the groups as a function of M200 is shown in Fig. 5. While
testing for a correlation between the two, we incorporated the
cluster data from GD20 in order to increase the dynamical range
for the mass. A marginal positive correlation (S ∝ M0.11±0.07

200 ), can
be seen between these observables, which is in accord with some
of the previous results seen at galactic scales [18,21]. However,
5

Table 3
Summary of the study of possibly correlation of the halo surface density (S)
and core radius (rc ) with mass and luminosity. In each of these cases we fit the
bservables using linear regression in log–log space.
Slope Intercept Intrinsic scatter(%) Scaling relation

0.11+0.07
−0.07 3.0+2.43

−2.42 35.5+5.5
−5.9 Ssurf − M200

−0.08+0.19
−0.19 8.61+5.14

−5.30 32.5+8.6
−9.0 Ssurf − Lk

0.71+0.20
−0.19 −15.39+5.2

−5.4 39.1+7.5
−6.4 rc − Lk

0.13+0.09
−0.09 1.39+2.92

−3.14 24.8+8.1
−7.7 SBur − M200

additional data is necessary to confirm if this correlation is sig-
nificant. From Fig. 5, we also find that the dark matter surface
density of groups can be delineated from that of clusters and falls
in the left corner of the plot.

Previously, contradictory results have been obtained for the
correlation between halo surface density and luminosity (or mag-
nitude). The analysis in [3,4] found no correlation between the
surface density and B-band absolute magnitude. However, most
recently, Zhou et al. (see also [20]) showed that for the SPARC
sample, the surface density is correlated with the luminosity
measured at 3.6 µm. Our data for S as a function of LK is shown
in Fig. 6. We find that S ∝ L−0.08±0.19

k . Therefore, although we find
that there is no evolution of S with Lk within 1σ , we also cannot
rule out any correlation (or anti-correlation) with the luminosity.
Additional data for group scale haloes is necessary to make a
definitive statement.

Previously, a correlation between rc and the stellar mass was
found, using the B-band luminosity (LB) as a proxy [4]. Their
nalysis showed that rc ∝ L0.446B . Here, since we are using LK as a
roxy for stellar mass, we check for correlation between rc and LK .
his data is shown in Fig. 7. There is a slight positive correlation
etween these quantities, rc ∝ L0.71±0.2

K , in agreement with these
esults.

We should also caution that the intrinsic scatter for all the
forementioned relations (cf. Table 3) is also quite high > 30%.
herefore, for a more definitive test, much more data would be
eeded to ascertain some of these correlations and check if the
catter becomes tighter with more statistics.

. Correlation of dark column density with mass

We now calculate a variant of the dark matter surface density
alled dark matter ‘‘column density’’, for a dark matter density
rofile (ρDM ) defined at radius (R) [15,57]

(R) =
2
R2

∫ R

0
r ′dr ′

∫
+∞

−∞

dzρDM (
√
r ′2 + z2) (13)

This measure of surface density is more robust than Ssurf , as it
as been shown to be invariant with respect to the underlying
ark matter density profile used [15,18]. Therefore, this column
ensity has also been used as an alternative probe of average
ark matter surface density in literature. The column densities for
FW (SNFW ), pseudo-isothermal (SISO) and Burkert profiles (SBUR)

are linked with each other according to : SNFW (rs) ≈ 0.91SISO(6rc)
and SNFW (rs) ≈ 0.98SBUR(1.66r0) [15]. The analytical expressions
for S and S have been provided in [15,18].
NFW ISO
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Fig. 4. Plot showing the 68%, 90% and 99% marginalized credible intervals for m (slope), b (intercept), and ln σi (intrinsic scatter) for the linear relation between atot
and abaryon in log–log space.
The values of SNFW for all the galaxy groups analyzed in this
work have been tabulated in [15], who find that SNFW ∝ M0.2

halo.
Here, we calculate SBUR using the ρc and rc data obtained for
each group from Table 1. SBUR was calculated by plugging in the
Burkert density profile in Eq. (13), and numerically evaluating the
integrals. The values of SBUR for all the groups of our sample are
plotted as a function of M200 in Fig. 8. SBUR is of the same order of
magnitude as Ssurf , with their median ratio equal to 0.71. We carry
out a regression analysis in the same way as in Section 5. Our
best-fit values are tabulated in Table 3. Similar to Ssurf , we find a
mild correlation with halo mass (Sburk ∝ M0.13±0.09

200 ). However, the
ntrinsic scatter is about 25%, which although is slightly smaller
han that obtained for the halo surface density is still quite large.

. Conclusions

In this work, we implemented a test for the constancy of the
ark matter halo surface density as well as column density and
AR for a sample of 17 galaxy groups observed using Chandra and
MM-Newton.
6

Several studies done previously with galaxies unveiled a very
intriguing result that the dark matter halo surface density, given
by the product of ρc and rc , obtained from fitting a cored profile, is
a constant irrespective of the mass, spectral type, and blue magni-
tude [3,4]. However, this result assumes that dark matter density
profiles can be well-fitted by cored profiles, and consequently has
been disputed by several other works, which find a correlation
with halo mass. The observed halo surface density has proved
to be an invaluable probe of alternatives to the standard ΛCDM
model [8,22].

Very few studies of this ansatz were previously done with
galaxy clusters, apart from a detailed analysis of a ROSAT cluster
sample [8], which showed that galaxy clusters do not have a
constant surface density. Recently, GD20 carried out a systematic
test using a sample of 12 Chandra clusters, and found that ρc ∝

r
−1.08+0.05

−0.06
c , indicating a deviation from a constant surface density
by about 1.4σ . They also showed that the halo surface density for
the cluster sample is about ten times larger than that for galaxies.
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Fig. 5. Correlation of dark matter halo surface density with mass using data for
galaxy groups analyzed in this work and galaxy clusters from GD20. The black
solid line shows the fit from our analysis. The best-fit values can be found in
Table 3.

Fig. 6. Correlation of halo surface density with K -band luminosity. The best-fit
alues can be found in Table 3.

Fig. 7. Correlation of K -band luminosity with the halo core radius. The best-fit
values can be found in Table 3.

Here, we have extended the same analysis to lower mass sys-
tems, using a set of 17 relaxed galaxy groups from XMM-Newton
and Chandra X-ray observations. We find that the dark matter
core density (ρc) and core radius (rc) obey the scaling relation,
ρ ∝ r−1.35±0.17. However, the intrinsic scatter of 27% which
c c m

7

Fig. 8. Correlation of the dark matter column density calculated for the Burkert
profile (cf. Eq. (13)) with halo mass. The best-fit values can be found in Table 3.

we obtain is about 1.5 times larger than that seen for clusters,
indicating that the relation is not as tight as seen for galaxy
clusters. Furthermore, the halo surface density is discrepant with
respect to a constant value by about 2.0σ . The dark matter surface
ensity which we obtained for the groups falls just below the
lusters and is about four times larger than that obtained for
alaxies [6].
We have also tested for a correlation of both the surface

ensity and column density with mass and obtained a marginal
ositive correlation (albeit with a large scatter), which is in agree-
ent with some previous estimates [18]. We cannot confirm
r rule out a correlation of the surface density with K -band
uminosity. We also find that the core radius is correlated with
-band luminosity, in agreement with the results in [4].
As a follow-up to another recent work of ours which tested

he RAR for three different cluster samples [36,37], we also im-
lemented a test of RAR using the same group sample to see how
ell RAR holds up at group scales. Our results are summarized

n Table 2. We find that the residual scatter in the RAR relation
or groups is about 0.3 dex, and subsequently about three times
arger than that seen for galaxies or clusters. Therefore, galaxy
roups do not obey the RAR. The acceleration scale which we
btain assuming a slope of 0.5, is between the values seen for
lusters and single galaxies.
Additional tests for the halo surface density and RAR with ad-

itional group catalogs (for eg [41]) and the upcoming e-ROSITA
ample, followed by comparison with predictions from ΛCDM
nd alternatives will be discussed in future works.
Nevertheless, the result in this work in conjunction with GD20,

rove that the dark matter halo surface density cannot be a
niversal constant at all scales or for all dark matter dominated
ystems.
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