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ABSTRACT

The scaling between X-ray observables and mass for galaxy clusters and groups is instrumental for cluster based
cosmology and an important probe for the thermodynamics of the intracluster gas. We calibrate a scaling relation
between the weak lensing mass and X-ray spectroscopic temperature for 10 galaxy groups in the COSMOS field,
combined with 55 higher mass clusters from the literature. The COSMOS data includes HST imaging and redshift
measurements of 46 source galaxies per arcmin2, enabling us to perform unique weak lensing measurements of low
mass systems. Our sample extends the mass range of the lensing calibrated M–T relation an order of magnitude lower
than any previous study, resulting in a power-law slope of 1.48+0.13

−0.09. The slope is consistent with the self-similar model,
predictions from simulations, and observations of clusters. However, X-ray observations relying on mass measurements
derived under the assumption of hydrostatic equilibrium have indicated that masses at group scales are lower than
expected. Both simulations and observations suggest that hydrostatic mass measurements can be biased low. Our
external weak lensing masses provides the first observational support for hydrostatic mass bias at group level, showing
an increasing bias with decreasing temperature and reaching a level of 30–50 % at 1 keV.

Subject headings: cosmology: observations – galaxies: groups: general – gravitational lensing: weak
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1. INTRODUCTION

As the largest gravitationally bound objects in the Uni-
verse, galaxy clusters and groups have proven to be im-
portant cosmological probes. They reside in the high-
mass end of the cosmic mass function and have a forma-
tion history which is strongly dependent on cosmology.
Thus the mass function of galaxy clusters and groups
functions as an independent tool for constraining cosmo-
logical parameters.
Clusters and groups are now readily detected up to red-

shifts of unity and above through X-ray emission of hot
intracluster gas 15, optical surveys of galaxies and the
Sunyaev-Zel’dovich (SZ) effect in the millimeter range.
The masses of these systems have typically been inferred
through thermal X-ray emission or the velocity disper-
sion of galaxies. Both of these methods rely on the as-
sumption of hydrostatic or gravitational equilibrium in
the cluster or group, which is not always valid. Clusters
and groups are found in a myriad of dynamical states
and there is increasing evidence for non-thermal pres-
sure support in the intracluster gas, skewing the mass
estimates derived under the assumptions of a hydrostatic
equilibrium (e.g. Nagai et al. 2007; Mahdavi et al. 2008;
Shaw et al. 2010; Rasia et al. 2012; Mahdavi et al. 2013).
Fortunately, gravitational lensing has proven to be a

direct way of measuring cluster and group masses re-
gardless of the dynamical state or non-thermal pressure
support in the system. In gravitational lensing the pres-
ence of a large foreground mass such as a galaxy cluster
or group will bend the light radiating from a background
source galaxy. In weak gravitational lensing the elliptic-
ity of a source galaxy is modified, whereas strong lensing
also produces multiple images of a single source. The
weak lensing induced change in ellipticity is commonly
referred to as shear. However, source galaxies typically
have a randomly oriented intrinsic ellipticity, that is sig-
nificantly larger than the lensing induced shear. There-
fore the shear has to be averaged over a large sample of
source galaxies in order to measure a weak lensing signal
used to infer the mass of the lensing system.
The direct mass measurements methods described

above are observationally expensive and not always ap-
plicable to low mass or high redshift systems. This has
spurred the study of mass scaling relations for observ-
ables, which can be used as mass proxies. As X-ray ob-
servations have proven to be the most efficient way for
constructing cluster and group catalogs, typically X-ray
observables such as luminosity LX , spectroscopic tem-
perature TX , and thermal energy of the intracluster gas
YX = TX×Mgas are used as mass proxies. Consequently,
defining and calibrating these X-ray mass proxies is in-
strumental for cluster and group based cosmology.
The scaling between cluster or group temperature and

mass is very fundamental. The simple self-similar model
for cluster evolution developed by Kaiser (1986), which
assumes pure gravitational heating of intracluster gas,
predicts that cluster temperature is a direct measure of
the total gravitational potential and thus mass of the
system. The predicted scaling of mass to temperature

15 with intracluster gas we refer to the intergalactic gas in both
galaxy groups and clusters. We follow the convention of referring
to those systems with mass lower than ∼ 1014 M⊙ as groups and
higher as clusters.

is a power-law with a slope of 3/2. Deviations from the
self-similar prediction can consequently be used to study
non-gravitational physics affecting the gas.
Unfortunately, cluster and group masses are typically

derived from X-ray observations under the assumption
of hydrostatic equilibrium (HSE) regardless of dynami-
cal state. Also, temperatures are usually derived from
the same observation as hydrostatic masses, introduc-
ing possible covariance between the observed quantities.
The hydrostatic M-T relations typically give power-law
slopes in the range of 1.5 – 1.7 (see Böhringer et al. 2012;
Giodini et al. 2013, for summaries of recent literature).
Notably, samples that only include higher-mass systems
with temperatures above 3 keV tend to predict M-T re-
lations that have a slope close to the self-similar predic-
tion of 1.5, whereas samples including lower-mass sys-
tems tend to predict a slightly steeper proportionality.
The accuracy of the calibration of mass - temperature

scaling can be significantly improved by using indepen-
dent weak lensing cluster mass measurements. However,
this type of studies have only been performed in the clus-
ter mass regime by Smith et al. (2005); Hoekstra (2007);
Okabe et al. (2010); Jee et al. (2011); Hoekstra et al.
(2012); Mahdavi et al. (2013). The aim of this work is to
calibrate the scaling between weak lensing masses and X-
ray temperatures of the hot intracluster gas for a sample
of galaxy groups in the COSMOS survey field. This work
is an extension to Leauthaud et al. (2010), who investi-
gated the scaling between weak lensing mass and X-ray
luminosity in the same field.
This paper is organized as follows. We present the data

and galaxy group sample used for our analysis in Sections
2 and 3, and give details on the X-ray and weak lensing
analysis in Sections 4 and 5. We present the resulting
M – T relation in Section 6, discuss our findings in Sec-
tion 7, conclude and summarize our findings in Section
8. Throughout this paper we assume WMAP9 year cos-
mology (Hinshaw et al. 2012), with H0 = 70 h70 km / s
/ Mpc, ΩM = 0.28 and ΩΛ = 0.72. All uncertainties are
reported at a 68 % significance, unless stated otherwise.

2. COSMOS DATA

In this Section we briefly present the observations of
the COSMOS survey field used for our analysis. The
COSMOS survey consists of observations of a contiguous
area of 2 square degrees with imaging at wavelengths
from radio to X-ray and deep spectroscopic follow-up (see
e.g. overview by Scoville et al. 2007).

2.1. Lensing catalog

The shear measurements of source galaxies are based
on Hubble Space Telescope (HST) imaging of the COS-
MOS field using the Advanced Camera for Surveys
(ACS) Wide Field Channel (WFC) (Scoville et al. 2007;
Koekemoer et al. 2007). As the COSMOS field was im-
aged during 640 orbits during HST Cycles 12 and 13,
the ACS/WFC imaging of the COSMOS field is the
HST survey with the largest contiguous area to date.
The derivation of shear measurement is described in de-
tail by Leauthaud et al. (2007), Leauthaud et al. (2010),
and Leauthaud et al. (2012). The shear measurement
has been calibrated on simulated ACS images contain-
ing a known shear (Leauthaud et al. 2007), and we have
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updated that with each subsequent improvement of the
catalog.
The final weak lensing catalog contains accurate shape

measurements of 272 538 galaxies, corresponding to ap-
proximately 46 galaxies per arcmin2, and a median red-
shift of z = 1.06. 25 563 of the source galaxies have
spectroscopic redshift measurements from the zCOSMOS
program (Lilly et al. 2007), the remaining source galax-
ies have photometric redshifts measured using over 30
bands (Ilbert et al. 2009).

2.2. X-ray group catalog

The X-ray group catalog we used has been presented
in George et al. (2011) and is available online. In brief,
we used all XMM-Newton (described in Hasinger et al.
2007; Cappelluti et al. 2009) and Chandra observations
(Elvis et al. 2009) performed prior to 2010 in catalog
construction. Point source removal has been produced
separately for Chandra and XMM before combining the
data, as described in Finoguenov et al. (2009), producing
a list of 200+ extended sources. We run a red-sequence
finder to identify the galaxy groups following the pro-
cedure outlined in Finoguenov et al. (2010). Extensive
spectroscopy available for the COSMOS field allowed a
90 % spectroscopic identification of the z < 1 group sam-
ple. George et al. (2012) explored the effect of centering
by taking an X-ray center or the most massive group
galaxy (MMGG).
Previously the X-ray group catalog has been used in

Leauthaud et al. (2010) to calibrate the M – L relation.
It has been shown there that there is a correlation be-
tween the level of X-ray emission and the significance of
the weak lensing signal. In the current work we take
advantage of the fact that the significance required to
measure the mean X-ray temperature allows us to per-
form individual mass measurements, and although the
sample size is much smaller when compared to the M
– L relation, we do not need to stack several groups in
order to produce the results. The high significance of
the selected groups also has a much better defined X-ray
centering.

3. SAMPLE SELECTION

We selected sources from the COSMOS X-ray group
catalog (Section 2.2) with a detection significance of 10σ
and above. As we choose to exclude cluster cores from
temperature determination (see Section 4) and conse-
quently only use regions with low scatter in pressure
(Arnaud et al. 2010), our sample should be unaffected
by selection bias.
Our initial sample contained 13 sources. However, we

excluded the group with id number 6 because X-ray cov-
erage was not sufficient to constrain the spectroscopic
temperature. We further excluded the sources with id
numbers 246 and 285, as they are located at the edge of
the COSMOS field and thus fall outside the coverage of
the HST observations (Section 2.1).
The remaining 10 sources in our sample all have a clear

X-ray peak with a single optical counterpart and are free
of projections (Finoguenov et al. 2007, XFLAG = 1). As
our data allows us to extend our lensing analysis out
to large radii, possible substructure in the central parts
visible in X-rays is not relevant for our mass estimates.
Instead, infalling subgroups at cluster outskirts are more

Table 1
Properties of the galaxy group sample.

id a NH
b z RA (J2000) c Dec (J2000) c

[1020 cm−2] degrees degrees

11 1.80 0.220 150.18980 1.65725
17 1.78 0.372 149.96413 1.68033
25 1.75 0.124 149.85146 1.77319
29 1.74 0.344 150.17996 1.76887
120 1.80 0.834 150.50502 2.22506
149 1.77 0.124 150.41566 2.43020
193 1.69 0.220 150.09093 2.39116
220 1.71 0.729 149.92343 2.52499
237 1.70 0.349 150.11774 2.68425
262 1.84 0.343 149.60007 2.82118

a id number in the COSMOS X-ray group catalog (Section 2.2)
b The LAB weighted average galactic absorption column density
(Kalberla et al. 2005)
c RA and DEC of the X-ray peak.

important. Based on our X-ray group catalog, we can
rule out this kind of substructure at > 20–30 % level in
mass.
We adopt the coordinates of the X-ray peaks as the

locations of the group centers, but we also tested the ef-
fect of using the MMGG as a center in performing the
lensing analysis (Section 5.3). The properties of the clus-
ters in our sample are presented in Table 1. The deep
X-ray coverage and high density of background galaxies
with determined shear in the COSMOS field allows us to
treat each system individually in our analysis.

4. X-RAY REDUCTION AND ANALYSIS

For the X-ray analysis we used EPIC-pn data from the
XMM-Newton wide field survey of the COSMOS field
(Hasinger et al. 2007) with the latest calibration infor-
mation available in October 2012 and XMM Scientific
Analysis System (SAS) release xmmsas 20120621 1321-
12.0.1. We produced event files with the epchain tool and
merged the event files of pointings which were within 10
arcmin of the adopted group center for each system. The
merged event files were filtered, excluding bad pixels and
CCD gaps and periods contaminated by flares, and in-
cluding only events with patterns 0 – 4. We generated
out-of-time event files, which we subsequently used to
subtract events registered during pn readout.
We extracted spectra from an annulus corresponding

to 0.1 – 0.5 R500 (see Table 2). As differences of a few 10
% in the inner and outer radii of the X-ray extraction re-
gion will be smeared out by the PSF, we determined R500

from the virial radius in the X-ray group catalog (Section
2.2, based on the M-L relation of Leauthaud et al. 2010),
assuming a halo concentration of 5. The groups were vi-
sually inspected for point sources, which we masked using
a circular mask with a 0.5 arcmin radius. We grouped
the spectra to a minimum of 25 counts per bin.
As the groups in the COSMOS field do not fill the

FOV, we used the merged event files to extract local
background spectra. We selected background regions us-
ing the criteria that they are located at a minimum dis-
tance of R200 (∼ 2–6 arcmin, determined from the X-ray
group catalog Section 2.2) and a maximum distance of
10 arcmin from the adopted group center, and that they
do not contain any detectable sources. The background
spectra where used as Xspec background files in subse-
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Figure 1. Plot showing X-ray temperature TX vs redshift z of
the COSMOS systems analyzed in this work.

quent spectral fits and thus subtracted from the data.
For X-ray spectroscopy we used an Xspec model con-

sisting of an absorbed thermal APEC component in a
0.5–7.0 keV energy band, with solar abundance tables of
Grevesse & Sauval (1998) and absorption cross-sections
of Balucinska-Church & McCammon (1992). We fixed
the metal abundance to 0.3 of the solar value, and used
redshift and Galactic absorption column density values
listed in Table 1. In order to account for spatial variation
in the Galactic foreground, we included an additional
thermal component with a temperature of 0.26 keV and
solar abundance and found that the contribution from
this component was negligible.
As the inner radii of the extraction regions is smaller

than the EPIC-pn point spread function (PSF), some flux
from the excluded central 0.1 R500 region might scatter
to the extraction region. We accounted for this scatter
by extracting spectra from the excluded central regions
and fitting them with a similar model as described above.
We estimated the scatter to the 0.1–0.5 R500 extraction
regions using the best-fit model and added the contribu-
tion due to the scatter to our analysis. The core regions
of groups with id numbers 29 and 220 did not posses a
sufficient number of photons to fit a spectrum and we
estimate that the scatter from the central region is neg-
ligible for these systems. For the remaining systems the
fraction of flux in the extraction region scattered from
the central region varies between 3 and 21 % (see Table
2).
We detected the thermal emission component in the

0.1 – 0.5 R500 region with a statistical significance of
3.2 – 24.5σ and best-fit temperatures in the range of 1.2
– 4.6 keV (see Fig. 1 and Table 2). Thus our sample
extends the measurements of weak lensing based M –
T relations to a lower temperature range than previous
studies by a factor of four (Hoekstra 2007; Okabe et al.
2010; Jee et al. 2011; Mahdavi et al. 2013).

5. WEAK LENSING ANALYSIS

For our weak lensing analysis we used the COSMOS
shear catalog.

5.1. Lensing signal

In our analysis we measured the lensing signal inde-
pendently for each system in our sample in terms of az-
imuthally averaged surface mass density contrast ∆Σ(r).
A spherically symmetric mass distribution is expected to

induce a shear, which is oriented tangentially to the ra-
dial vector. This signal is also known as the E-mode.
The cross-component shear, or B-mode signal, is angled
at 45◦from the tangential shear, and the azimuthally av-
eraged value is expected to be consistent with zero for a
perfect lensing signal.
The azimuthally averaged surface mass density con-

trast is related to the projected tangential shear of source
galaxies γt by

∆Σ(r) = Σ(< r)− Σ(r) = Σcrit × γt(r), (1)

were Σ(< r) is the mean surface mass density within the
radius r, Σ(r) is the azimuthally averaged surface mass
density at radius r, and Σcrit is the critical surface mass
density. The critical surface mass density depends on the
geometry of the lens - source system as

Σcrit =
c2

4πG

DOS

DOLDLS

. (2)

Here c is the speed of light, G Newton’s gravitational
constant and DOS , DOL and DLS the angular diameter
distances between observer and source, observer and lens,
and lens and source, respectively.
For each lensing system, we selected the source galaxies

from the COSMOS shear catalog with a projected dis-
tance of 0.1 – 4 Mpc in the lens plane and a lower limit for
the 68 % confidence interval for the photometric redshift
higher than the redshift of the lensing system. Approxi-
mately 23 % of the source galaxies in the lensing catalog
have secondary photometric redshift peaks. In order to
avoid biasing mass estimates due to catastrophic outliers,
we exclude these galaxies from our analysis.
The lensing signal might be diluted, if a significant

number of group galaxies are scattered into the source
sample. For instance, Hoekstra (2007) showed in Fig.
3 that the effect is modest for high mass clusters using
ground based data (∼ 20 % at R2500). As our space
based data is deeper, giving a larger number of sources,
and we analyse low mass systems with a smaller number
of member galaxies, the effect on our sample is signifi-
cantly smaller. The effect is mainly limited to the central
parts of the groups, which we cut out from our analy-
sis. Furthermore, as our photometric redshifts are based
on 30+ bands and we exclude source galaxies with sec-
ondary redshift peaks, our lensing masses are unaffected
by contamination by group members.
We calculated the surface mass density contrast ∆Σi,j

for each lens – source pair using Equations 1 and 2.
For the computation of ∆Σi,j , spectroscopic redshift was
used instead of photometric redshift for those source
galaxies where it was available. As we compute ∆Σ
at radii greater than 0.1 Mpc, our lensing signals are
largely unaffected by non-weak shear or contributions
from the central galaxy (Leauthaud et al. 2010). As an
illustration, we show the combined and binned tangen-
tial and cross-component lensing signals for all sources
in the sample in Fig. 2.
The uncertainty of the observed tangential shear σγt

is
affected by the measurement error of the shape σmeas

and the uncertainty due to the intrinsic ellipticity of
source galaxies σint, known as intrinsic shape noise.
Leauthaud et al. (2007, 2010) estimated the intrinsic
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Table 2
Results of the X-ray analysis.

id 0.1 R500
a 0.5 R500

b TX
c fscat d sign. e χ2 f degrees of

arcmin arcmin keV % σ freedom

11 0.35 1.77 2.2+0.2
−0.1

5 24.5 273.42 263

17 0.19 0.96 2.1+0.2
−0.2

21 18.2 96.36 91

25 0.37 1.87 1.3+0.1
−0.1

3 11.8 139.40 121

29 0.18 0.89 2.3+1.7
−0.5

· · · 3.2 24.75 26

120 0.13 0.67 3.9+0.6
−0.5

10 16.6 66.49 69

149 0.42 2.08 1.4+0.1
−0.1

4 19.1 123.95 132

193 0.20 1.02 1.2+0.2
−0.1

14 3.9 27.54 23

220 0.16 0.79 4.6+1.0
−0.7

· · · 15.8 43.49 32

237 0.20 0.99 2.2+2.1
−0.5

12 5.3 24.99 26

262 0.21 1.03 3.3+2.8
−1.6

5 5.7 40.14 33

a Inner radii of the extraction region
b Outer radii of the extraction region
c X-ray temperature of the group
d Fraction of the flux in the 0.1 – 0.5 R500 region scattered from the central region
e Statistical significance of the thermal X-ray component
f χ2 of the best-fit model

shape noise of source galaxies in the COSMOS shear cat-
alog to σint = 0.27.
Nearby LSS can also contribute to the uncertainty of

lensing mass estimates (Hoekstra 2001, 2003). For the
COSMOS field, Spinelli et al. (2012) found that the LSS
affects the shear measurements as an external source of
noise, where the average contribution to the uncertainty
of the tangential shear is σLSS = 0.006. Thus, the to-
tal uncertainty of the tangential shear measurements for
each source galaxy can be approximated by:

σ2
γt

≈ σ2
meas + σ2

int + σ2
LSS , (3)

since the correlation between the terms σmeas and σLSS

is small, the correlation between σint and the other two
terms vanishes. For this work we use σmeas,j from the
updated Leauthaud et al. (2010) catalog, σint = 0.27 and
σLSS = 0.006.

Figure 2. The stacked ∆Σ showing the total tangential (solid
data) and cross-component (dotted data) lensing shear of all galaxy
groups in the sample. Errors represent the total error given by
Equation 3. The data are binned to 20 equally spaced bins in a
radial range of 0.1 to 4 Mpc.

5.2. Lensing mass estimates

Numerical simulations indicate that the density profile
of galaxy clusters or groups typically follow the Navarro–
Frenk–White (NFW) profile (Navarro et al. 1997), given
by

ρ (r) =
δc ρcr

(r/rs) (1 + r/rs) 2
. (4)

In this work we define total group mass as the mass in-
side which the mean NFW mass density < ρ >= 200 ρcr,
where ρcr is the critical density of the Universe at the
group redshift zd. We denote this mass by M200 and de-
fine it as M200 ≡ M(r200) = 200ρcr

4
3πr

3
200. The NFW

concentration parameter c200 = r200/rs gives the rela-
tion between r200 and the characteristic scale radius rs.
Finally, the density contrast in the NFW profile (Eq 4)
is defined as

δc200 =
200

3

c3200
ln(1 + c200)−

c200
1+c200

. (5)

The analytic solution for the surface mass density con-
trast signal corresponding to a NFW profile ∆ΣNFW is
given by

ΣNFW (x) =



























2rsδcρcr

(x2−1)

[

1− 2√
1−x2

arctanh
√

1−x
1+x

]

x < 1,
2rsδcρcr

3 x = 1,
2rsδcρcr

(x2−1)

[

1− 2√
x2−1

arctan
√

x−1
1+x

]

x > 1,
(6)

where x = R/rs (e.g. Bartelmann 1996;
Wright & Brainerd 2000; Kneib & Natarajan 2011).
The solution depends on the mass, concentration
parameter and redshift of the lensing system. For this
work we assume that M200 and c200 are related by

c200 =
5.71

(1 + zd)0.47

(

M200

2.0× 102 h−1M⊙

)−0.084

(7)
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given by Duffy et al. (2008). We experimented with let-
ting concentration vary freely, however the shear data
did not allow for this extra degree of freedom. Thus as
the redshifts of the systems in our sample are known, the
only unknown in the solution of ∆ΣNFW is mass M200.
We estimated the masses by fitting ∆ΣNFW to the

measured ∆Σ (Section 5.1), in a radial range of 0.1–4
Mpc. The data were not binned for the fit. We used
the Metropolis-Hastings Markov Chain Monte Carlo al-
gorithm for χ2 minimization (see Fig. 3 and Fig. 4) and
found best-fit M200 in the range of ∼ 0.3–6 ×1014 h−1

70
M⊙ (see Fig. 5 and Table 3). This mass range is consis-
tent with the low X-ray temperatures described above.

5.3. Centering comparison

George et al. (2012) (see also Hoekstra et al. 2011)
showed that miscentering the dark matter halo can bias
the lensing mass of the halo low. Therefore we inves-
tigated the effects of the uncertainty of the centering
of the dark matter halo on our lensing mass estimates
by performing the weak lensing analysis described above
with centering on the locations of the X-ray peaks and
MMGGs (from George et al. 2011), and comparing the
resulting halo masses.
The offset between the MMGGs and X-ray peaks are

typically less than the uncertainty of the position of the
X-ray centroid, which is given by 32 arcsec divided by
the signal-to-noise ratio (∼ 10–15 for our sample) for
XFLAG=1 groups in the COSMOS group catalog (see
Fig. 6). The only exceptions are groups with X-ray id#
149 and 220, which have an offset of 43 and 59 arcsec
respectively.
The best-fit M200 using MMGG and X-ray centering

are typically consistent within a few per cent (Table 3
and Fig. 6). The only deviant group is X-ray id# 220,
which has a MMGG centered mass ∼ 20% lower than
the X-ray centered. This system has a peculiar S-shape
morphology, which makes accurate center determination
difficult (Guzzo et al. 2007). However, the mass discrep-
ancy with MMGG and X-ray centering is at a less than
1σ statistical significance (see also Section 5.5 for further
discussion on the this system).
A miscentered cluster is expected to show a suppres-

sion in the lensing signal at small scales. We do not
detect this effect in the mass surface density contrast
profiles (Fig. 4), including the two groups with signifi-
cant offsets between MMGG and X-ray centers. We thus
conclude that the chosen X-ray centers are accurate and
that our lensing masses are not significantly affected by
uncertainties in centering.

5.4. Bias due to M–c relation

A possible systematic in the lensing analysis is an in-
correct assumed mass – concentration relation for the
NFW profile (Eq. 7). E.g. Hoekstra et al. (2012) showed
that varying the normalisation of the M–c relation by ±

20 % biases lensing NFW mass estimates by ∼ 5–15 %,
depending on the mass definition. However, the sensi-
tivity of NFW mass estimates to possible biases in the
M–c relation diminishes when the mass estimates are ex-
tended further from the cluster center.
Our lensing masses are measured within R200 and they

are consistent with the stacked lensing analysis of galaxy

groups in the COSMOS field by Leauthaud et al. (2010),
who used the M-c relation of Zhao et al. (2009) instead of
the Duffy et al. (2008) relation used by us. Furthermore,
the mass range implied by both our lensing analysis and
the lensing analysis of Leauthaud et al. (2010) is consis-
tent with the typical dark matter halo mass derived with
clustering analysis in the COSMOS field (Allevato et al.
2012). An incorrect assumed NFW concentration would
result in lensing masses contradicting the clustering anal-
ysis.

5.5. Massive galaxy group at z = 0.73

Guzzo et al. (2007) performed a weak lensing analysis
of the massive galaxy group at redshift z = 0.73 in the
COSMOS field, with id #220 in the X-ray group cat-
alog. They reported a very high weak lensing mass of
6 ± 3 × 1015 M⊙for the dark matter halo, which is in
apparent tension with the X-ray mass M500 ≃ 1.6× 1014

M⊙derived from their X-ray spectroscopic temperature
TX = 3.51+0.60

−0.46 keV using M-T relations from the liter-
ature.
Our X-ray spectroscopic temperature of 4.6+1.0

−0.7 keV
is consistent with the X-ray analysis of Guzzo et al.
(2007). However, we found a weak lensing M200 of
4.12+1.41

−1.23 × 1014 M⊙ (scaled to h = 1.0 as used by
Guzzo et al. 2007). This is over an order of magnitude
lower than the lensing mass of Guzzo et al. (2007), but
consistent within errors with the mass predictions from
X-ray analyses. This implies that the previously reported
high lensing mass is the total mass of the whole super-
structure, whereas the lower mass implied by both X-
rays and our lensing analysis is the mass of the galaxy
group. This argument is further supported by the clus-
tering analysis of groups in the COSMOS field (see Sec-
tion 5.4 and Allevato et al. 2012). We further note that
exclusion of this source from our sample would not affect
our results.

6. M–T SCALING RELATION

We used our center excised X-ray temperatures and
weak lensing group masses in the COSMOS field (Table
2 and 3) to calibrate the scaling relation between these
two quantities. As the systems in our sample have both
low mass and temperature, we are probing a largely un-
explored region of the mass – temperature plane.
In the self-similar model cluster and group mass and

temperature are related by a power-law

M × E(z) = N × Tα
X . (8)

with slope α = 3/2 (Kaiser 1986). Here E(z), defined as

E(z) =
H(z)

H0
=
√

ΩM (1 + z)3 +Ωλ (9)

for flat cosmologies, describes the scaling of overdensity
with redshift.
Scaling relations at galaxy group masses are typically

derived for M500 (e.g. Finoguenov et al. 2001; Sun et al.
2009; Eckmiller et al. 2011), i.e. the mass inside the ra-
dius where the average density is 500 times the critical
density of the Universe. We rescaled the lensing masses
derived above to this value using the best-fit NFW pro-
files to enable direct comparison. We assumed the power-
law relation given by Eq. 8 and linearised it by taking a
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Table 3
Results of the weak lensing analysis.

id M500
a M200

a c200 b χ2 c degrees of MMGG / X-ray
1014 h−1

70
M⊙ 1014 h−1

70
M⊙ freedom d centering ratio e

11 1.28+0.14
−0.06

1.79+0.20
−0.09

4.74 25762.57 22571 1.03+0.39
−0.34

17 0.92+0.52
−0.42

1.31+0.73
−0.59

4.38 12749.11 10960 1.00+0.56
−0.45

25 0.20+0.19
−0.14

0.27+0.26
−0.18

6.42 73753.62 64811 1.00+0.94
−0.67

29 0.93+0.44
−0.36

1.31+0.62
−0.51

4.48 19686.50 16968 0.99+0.47
−0.39

120 0.60+1.00
−0.58

0.92+1.51
−0.88

3.22 5122.80 4296 1.00+1.65
−0.96

149 0.97+0.34
−0.30

1.33+0.47
−0.41

5.38 103367.55 91433 0.99+0.163
−0.32

193 0.25+0.25
−0.18

0.34+0.33
−0.24

5.75 47237.02 41059 1.01+0.98
−0.71

220 3.76+1.29
−1.12

5.88+2.01
−1.75

2.85 7443.86 6108 0.80+0.33
−0.28

237 0.63+0.36
−0.29

0.88+0.50
−0.41

4.70 21859.89 19021 1.06+0.47
−0.50

262 0.82+0.47
−0.37

1.15+0.66
−0.52

4.54 10039.91 8546 1.01+0.57
−0.45

a centered on the X-ray peak
b halo concentration of the best-fit NFW profile given by the mass-concentration relation in Eq 7
c χ2 of the best-fit model
d the number of source galaxies in the weak lensing analysis for each system is given by the degrees
of freedom + 1
e the ratio of M200 centered on the MMGG to M200 centered on the X-ray peak, see Section 5.3

logarithm

log10
M500E(z)

1014h−1
70

= log10 N + α× log10
TX

3keV
. (10)

We evaluated the logarithm of the normalization and the
slope of the M – T relation using the FITEXY linear re-
gression method, with bootstrap resampling to compute
statistical uncertainties of the fit parameters.
For the COSMOS systems, we obtained the best-fit

parameters α = 1.71+0.57
−0.40 and log10 N = 0.39+0.04

−0.10, with

χ2 = 5.07 for 8 degrees of freedom (see Table 4, Fig. 7
and 8). However, as all our systems have low masses and
large errors, the constraint on the scaling relation suffers
from rather large uncertainties.
We therefore extended our sample with addi-

tional measurements at higher temperatures/masses.
Hoekstra et al. (2011) determined weak lensing masses
for a sample of 25 moderate X-ray luminosity clus-
ters drawn from the 160 square degree survey (160SD
Vikhlinin et al. 1998; Mullis et al. 2003), using HST ACS
observations. Unfortunately X-ray temperatures are
available for only 5 systems, which we use here. To ex-
tend the mass range further we also include measure-
ments for 50 massive clusters that were studied as part
of the Canadian Cluster Comparison Project (CCCP).
The lensing masses, based on deep CFHT imaging data,
are presented in Hoekstra et al. (2012), whereas the X-
ray temperatures are taken from Mahdavi et al. (2013).
The X-ray temperatures in Mahdavi et al. (2013) are ob-
tained with both Chandra and XMM-Newton, but Chan-
dra temperatures are adjusted to match XMM-Newton
calibration.
This gives us a total sample of 65 systems with masses

and temperatures spanning the range of a few times
1013 to a few times 1015 M⊙ and 1–12 keV. Fitting
the M500 – TX relation to the whole extended sample
we obtained the best-fit parameters α = 1.48+0.13

−0.09 and

log10 N = 0.34+0.02
−0.04 with χ2 = 112.57 for 63 degrees of

freedom (see Table 4, Fig. 7 and 8).

We evaluated intrinsic scatter of the relation by mak-
ing a distribution of the ratio of data to best-fit model for
each point and computing the dispersion. The resulting
scatter in mass at fixed T for the relation fitted to COS-
MOS data points and to the full sample are consistent,
28 ± 13 % and 28 ± 7 % respectively, indicating that the
samples are consistent with each other.

7. DISCUSSION

The slope of our best-fit relation of the full sample
1.48+0.13

−0.09 is consistent with the self-similar prediction of
3/2 (Kaiser 1986). Unfortunately direct comparison of
our best-fit relation to most other weak lensing calibrated
M–T relations is not possible. Okabe et al. (2010) cali-
brated deprojected center excised temperatures (whereas
our temperatures are projected) to M500 for the LoCuSS
cluster sample, consisting of only cluster mass systems,
and attained a slope of 1.49 ± 0.58. Hoekstra (2007)
and Jee et al. (2011) calibrated X-ray temperatures to
weak lensing M2500 for cluster mass systems and at-
tained slopes of 1.34+0.30

−0.28 and 1.54 ± 0.23 respectively.
As their mass definition differs from ours and masses are
thus derived from a smaller region, their relations are
not directly comparable to our analysis. In the case of
Jee et al. (2011) the clusters are also at a significantly
higher redshift than our sample, representing a cluster
population at an earlier evolutionary stage.
However, Mahdavi et al. (2013) used the 50 CCCP

clusters, which are also included in our sample, to fit
scaling relations between X-ray observables and lensing
masses. For M500–TX scaling they obtained a slope of
1.97 ± 0.89 and 1.42 ± 0.19 with a scatter in mass of
46 ± 23 % and 17 ± 8, using R500 dervived from weak
lensing and X-ray analysis respectively. Both of these
are consistent within the errorbars with our findings.
The fact that the published lensing calibrated M–T

relations at cluster masses and our group mass predict
consistent slopes, indicates that both clusters and groups
follow the same mass-to-temperature scaling. This is in
apparent tension with relations relying on HSE mass es-
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Figure 3. Plot of the χ2 as a function of mass for NFW profile fits to azimuthally averaged mass surface density contrast. The dashed
vertical line shows the best-fit M200, dotted lines indicate the 1σ confidence intervals of M200.

Table 4
Best-fit parameters of the M500 – TX scaling relation.

Sample Slope Normalisation Intrinsic scatter χ2 degrees of
α log10 N % freedom

COSMOS 1.71+0.57
−0.40

0.39+0.04
−0.10

28 ± 13 5.07 8

COSMOS+CCCP+160SD 1.48+0.13
−0.09

0.34+0.02
−0.04

28 ± 7 112.57 63

COSMOS+CCCP+160SD, modified TX 1.40+0.12
−0.10

0.32+0.02
−0.03

35 ± 9 117.99 63

timates, which generally predict steeper slopes and lower
normalisation when group mass systems are included (see
Fig 9). E.g. Finoguenov et al. (2001) used ASCA obser-
vations of the extended HIFLUGCS sample consisting
of 88 systems spanning a similar mass and temperature
range as our full sample and obtained a slope of 1.636 ±

0.044 for the M500 – TX relation, Sun et al. (2009) cal-
ibrated a similar relation to archival Chandra observa-
tions of 43 groups and 14 clusters and obtained a slope
of 1.65 ± 0.04, and Eckmiller et al. (2011) obtained a
slope of 1.75 ± 0.06 for a sample consisting of 112 groups
and HIFLUGCS clusters. However, e.g. Vikhlinin et al.
(2009) used a sample of clusters with TX & 2.5 keV to
calibrate a M500–TX relation under the assumption of
HSE, and obtained a slope of 1.53 ± 0.08, consistent
with our weak lensing relations.
The difference in slope between hydrostatic and our

weak lensing calibrated M–T relation is significant at ∼
1–2σ level (see Fig. 10). The steeper slope and lower
normalisation of HSE relations amounts to a temperature

dependent bias between the scaling relations at an up to
∼ 2σ significance (see Fig. 9, lower panel).
Simulations indicate that HSE masses may be bi-

ased low due to non-thermal pressure support and ki-
netic pressure from gas motion (e.g. Nagai et al. 2007;
Shaw et al. 2010; Rasia et al. 2012). Furthermore, the
deviation from self-similarity in the M–T relation im-
plied by HSE mass estimates is hard to reproduce in
simulations (Borgani et al. 2004). Thus the preferred in-
terpretation is a deviation between hydrostatic and lens-
ing masses, amounting to ∼ 30–50 % at 1 keV. Our
study provides the first observational support for this
scenario at group scales. This effect has previously been
observed at cluster masses by Mahdavi et al. (2008) and
Mahdavi et al. (2013).
The effect of deviation between hydrostatic and lens-

ing masses on scaling relations has previously been stud-
ied by Nagai et al. (2007). They simulated a sample
of groups and clusters in a mass range approximately
consistent with our extended sample, including effects
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Figure 4. Azimuthally averaged mass surface density contrast ∆Σ profiles of the individual systems used for the weak lensing analysis.
The profile is measured in a radial range of 0.1 – 4 Mpc. Data show the measured ∆Σ, solid lines show the ∆Σ of the best-fit NFW density
profiles while the dotted lines indicate the statistical uncertainty of the fitted profiles. The profile fits are performed to un-binned data,
here the data are binned to 20 equally spaced radial bins for plot clarity.

Figure 5. Plot showing weak lensing mass M200 v.s. redshift z
of the COSMOS systems analyzed in this work.

of cooling and star formation. The simulated clusters
were used for mock Chandra observations to calibrate an
M500–TX relation using both true masses and masses de-
rived under the hydrostatic equilibrium condition. Their
best-fit relation using true masses is consistent with our
lensing relation whereas their hydrostatic relation very
accurately follows the observed hydrostatic relation of
Sun et al. (2009) (see Fig 9 and 10). This provides fur-
ther evidence that a bias in hydrostatic masses can affect
the shape of scaling relations.

7.1. X-ray cross-calibration

Cross-calibration issues in the energy dependence of
the effective area of X-ray detectors affects cluster

Figure 6. Plot showing the ratio of lensing mass estimates for
COSMOS galaxy groups centering on the most massive group
galaxies (MMGGs) to mass estimates centering on the locations
of the X-ray peaks v.s. the offset between the location of MMGGs
and X-ray peaks.

spectroscopic temperatures obtained with different in-
struments (e.g. Snowden et al. 2008; Nevalainen et al.
2010; Kettula et al. 2013; Mahdavi et al. 2013). Re-
cent observations indicate cluster temperatures measured
with Chandra are typically ∼ 15 % higher than those
measured with XMM-Newton (Nevalainen et al. 2010;
Mahdavi et al. 2013). As we compare our lensing cali-
brated M-T relation relying on XMM-Newton tempera-
ture measurements (or Chandra temperatures modified
to match XMM-Newton) to Chandra based relations in
literature, we investigate here if the detected discrepan-
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Figure 7. The scaling of cluster mass M500 to X-ray temperature TX . Blue diamonds show COSMOS systems analyzed in this work, red
triangles are systems from the CCCP cluster catalog and black circles are from the 160SD survey. The solid line and dark shaded region
shows the best-fit scaling relation with statistical uncertainties fitted to all data points, the dashed line and light shaded region shows the
relation fitted to COSMOS data points.

Figure 8. Likelihood contours at 68, 90 and 99 % statistical sig-
nificance for the parameters of the M500 – TX scaling relation fitted
to COSMOS systems described in this work (dashed contours) and
to all data points shown in Fig. 7 (solid contours).

cies can be attributed to X-ray cross-calibration uncer-
tainties.
Whereas cluster temperatures & 4 keV are typically

inferred from the shape of the bremsstrahlung continuun
which depends strongly on the energy dependence of the
effective area, lower group temperatures are mainly de-
termined from emission lines and are thus independent of
energy dependent cross-calibration. This effect is seen in
comparisons of group and cluster temperatures obtained
with XMM-Newton and Chandra (Snowden et al. 2008).
As the measured energy of a photon at the detector also
depends on the redshift of the source, we use the tem-
perature and redshift dependent modification given by

Tmodified
X = TXMM

X ×

(

1 +
0.15 TXMM

X

10keV

1

1 + z

)

(11)

to modify our XMM-Newton based temperatures to
match Chandra calibration (see Fig 11).
Re-fitting the M500–TX relation with the modified

XMM temperatures, we find a marginally flatter slope
than using unmodified temperatures. The slope still con-
sistent with the self-similar prediction of 3/2 (Table 4,
and Fig. 10 and 12). Comparing to Chandra based HSE
relations from literature, we find that HSE still predicts
lower masses at group scales than lensing. We conclude
that the differences between HSE and lensing M-T re-
lations can not be explained by X-ray cross-calibration
uncertainties and that lensing calibrated relations have
slopes consistent with self-similarity for both Chandra
and XMM-Newton based temperatures.

8. SUMMARY AND CONCLUSIONS

We calibrated a scaling relation between weak lensing
masses and spectroscopic X-ray temperatures for a sam-
ple of 10 galaxy groups in the COSMOS field, 5 clusters
from the 160SD survey, and 50 clusters from the CCCP
survey. This gave a sample of 65 systems, spanning a
wide mass and temperature range of M500 ∼ 1013–1015

M⊙ and TX ∼1–12 keV, extending weak lensing cal-
ibrated M–T relations to an unexplored region of the
mass – temperature plane.
We found that the best-fit slope of the relation is con-

sistent with the prediction for self-similar cluster evolu-
tion of Kaiser (1986). This is in apparent tension with
M–T relations at group scales in literature, which use X-
ray masses derived under HSE. These relations typically
predict steeper slopes and lower normalizations.
The deviations from self-similarity implied by HSE re-

lations are likely due to HSE masses being biased low
in comparison to unbiased lensing masses. We find that
the bias increases with decreasing temperature, amount-
ing to ∼30–50 % at 1 keV. This effect has been detected
in simulations and our study provides the first observa-
tional evidence for it at group scales. We also show that
this effect is not a product of cross-calibration issues be-
tween X-ray detectors.
We conclude that this work demonstrates the impor-
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Figure 9. Top panel: Comparison of M500 – TX relations discussed in the text. The solid line corresponds to the best-fit weak lensing
calibrated relation combining COSMOS, CCCP and 160SD samples in this work, data points are shown in gray. Bottom panel: Ratio
of M500 – TX relations shown in the top panel to the best-fit relation in this work (solid line). Gray shaded region shows the relative
statistical uncertainty of our relation.

Figure 10. Comparison of the slopes of M500 – TX relations
shown in Fig. 9 and Fig. 12. The vertical line corresponds to the
self-similar slope of 3/2, the error bars describe the 68 % statistical
uncertainties of the slopes.

tance of unbiased weak lensing calibrated scaling rela-
tions for precision cosmology with galaxy clusters and
groups. Although costly, more weak lensing surveys of
galaxy groups are needed to extend the statistical anal-
ysis of this work.
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