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Estimation of the Mass of the Very Massive Galaxy Cluster
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Abstract—SRGe CL2305.2–2248 (SPT-CL J2305–2248, ACT-CL J2305.1–2248) is one of the most
massive galaxy clusters at high redshifts (z � 0.76) and is of great interest for cosmology. Deep images
have been obtained at the Russian–Turkish 1.5-m telescope (RTT-150) for an optical identification of this
cluster. In combination with the open Hubble Space Telescope archival data, they have made it possible to
select candidates for gravitationally lensed images of distant blue galaxies in the form of arcs and arclets.
The observed giant arc near the brightest cluster galaxies allows the Einstein radius to be estimated,
9.8± 1.3 arcsec. The photometric redshift of the lensed source has been found (zs = 2.44± 0.07). Its
use in combination with the Einstein radius estimate has made it possible to independently estimate the
mass of SRGe CL2305.2–2248 by extrapolating the strong-lensing results to large radii and using model
density profiles in relaxed clusters. This extrapolation leads to mass estimates smaller than those obtained
from X-ray and microwave observations by a factor of ∼1.5−3. A probable cause of this discrepancy may
be the galaxy merger process, which is also confirmed by the morphology of SRGe CL2305.2–2248 in the
optical range.

DOI: 10.1134/S1063773722010042

Keywords: galaxy clusters, galaxy cluster SRGe CL2305.2-2248, strong lensing.

INTRODUCTION

The very massive galaxy cluster SRGe CL2305.2–
2248 was detected in X-rays based on the results of
the first all-sky survey with the eROSITA telescope
onboard the SRG space observatory (Predehl et al.,
2021, Sunyaev et al., 2021), which was completed
in June 2020. Based on the results of optical ob-
servations at the Russian–Turkish 1.5-m telescope

*E-mail: irek_khamitov@hotmail.com

(RTT-150) and the 6-m BTA telescope, we per-
formed an optical identification of the cluster and
obtained a spectroscopic redshift measurement for
the cluster, z = 0.7573 (Burenin et al. 2021). The
presence of strong gravitational lensing in the cluster
field is noted in Table 8 from the paper by Bleem
et al. (2020) on the early detection of this cluster
(SPT-CL J2305-2248) in the millimeter band of
the South Pole Telescope survey. In this paper
we made a photometric redshift estimate for the
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Table 1. Log of observations of SRGe CL2305.2–2248 at
RTT-150

Date F , SDSS N T , s σ, arcsec

Aug. 23, 2020 g 4 2400 2.4

Aug. 23, 2020 r 4 2400 2.0

Aug. 23, 2020 i 4 2400 1.7

Aug. 23, 2020 z 4 2400 1.7

Aug. 24, 2020 g 4 2400 1.6

Aug. 24, 2020 r 4 2400 1.7

Aug. 24, 2020 i 4 2400 1.6

Aug. 24, 2020 z 5 3000 1.6

Aug. 25, 2020 g 4 2400 2.0

Aug. 25, 2020 r 5 3000 2.2

Aug. 25, 2020 i 6 3600 2.1

Aug. 25, 2020 z 5 3000 2.0

Aug. 26, 2020 g 10 6000 2.0

Aug. 26, 2020 r 10 6000 2.2

F is the SDSS filter, N is the number of images, T is the total
exposure time in seconds, and σ is the seeing in arcsec.

lensed source and obtained an independent estimate
of the cluster mass in the Einstein ring. When
approximating the cluster mass to distance R500, we
considered the Navarro–Frenk–White model density
profile (Navarro et al. 1996). In our estimates we
assume a standard ΛCDM cosmological model with
the following parameters: Ωm = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1 Mpc−1.

PHOTOMETRIC OBSERVATIONS

Deep direct images of the field of the galaxy
cluster SRGe CL2305.2–2248 were obtained at
the Russian–Turkish 1.5-m telescope (RTT-150)
within the ground support of the X-ray survey with
the eROSITA telescope onboard the Spectrum–
Roentgen–Gamma (SRG) space observatory. The

observations were carried out by using TFOSC
instrument from August 23 to 26, 2020, in the
SDSS g, r, i, and z filters. An Andor iKon-L 936
BEX2-DD-9ZQ 2048 × 2048-pixel CCD camera
with a resolution of 0′′

.326 per pixel was used as a
detector. The quantum efficiency of the CCD detector
is ∼90% or higher in the wavelength range from
4000 to 8500 Å. A log of our observations is given in
Table 1. The total moderate-quality exposure times
were 13 200, 13 800, 8400, and 8400 s in the SDSS
g, r, i, and z filters, respectively. The total exposure
time in each filter was divided into 600-s exposure
times between which the telescope pointing axis was
shifted by 10′′–20′′ in an arbitrary direction. The
direct images were reduced in a standard way using
the IRAF package and our own software with the
application of a standard set of calibrations.

Photometric calibration of the images was ob-
tained using the observations of photometric stan-
dards (Smith et al. 2002).

SELECTION OF LENSED IMAGES

Deep images with a limiting magnitude as faint as
23–24 in the four g, r, i, and z filters of the SDSS
photometric system were obtained at RTT-150 for an
optical identification of the cluster under study. At
z = 0.76 the main flux from the cluster galaxies falls
into the i and z filters. The images in the g and r
filters were used to cut off the background galaxies at
lower redshifts. The number of background galaxies
that were distinguished by (g − r) and (r − i) colors
in the RTT-150 images and that did not belong to
the cluster in a 9 × 9-arcmin field was ∼1000. An
analysis of the images showed that, in addition to
the large number of background galaxies detected
in all g, r, and i filters in regions close in position
to two brightest cluster galaxies (BCG), about ten
blue sources visible only in the g filter are detected.
Since the presence of strong gravitational lensing in
the cluster field was noted in Bleem et al. (2020),
we suggested that the blue sources in the RTT-150
frames near the BCG could be associated with grav-
itational lensing features (arcs). To select the lensed
images of a distant source, we used deep RTT-150
images of the cluster field in the g, r, i, and z bands
and high-spatial-resolution images from the open
Hubble Space Telescope (HST) archive (Whitmore
et al. 2016) taken on April 23, 2018, in the F110W
filter with the WFC3/IR detector, an exposure time
of 758.81 s (Fig. 1), and in the F200LP filter with the
WFC3/UVIS detector, an exposure time of 741 s.

The lensed candidates were selected by source
morphology in the HST image and by brightness
excess in the g band compared to the r, i, and z bands.
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Fig. 1. HST image of the cluster field. The positions of the
centers of the two brightest cluster galaxies are marked.

The selected candidates in the form of arcs and arclets
are marked in Fig. 2. The brightness of the sources
in close to the detection limit in the g image and is
∼24m. The observed giant arc near the brightest
cluster galaxies was detected in the g image in the
form of three separate sources. The arc lies virtu-
ally on one circumference together with two sources
southeastward (concentrically matched with the arc
in the HST image), suggesting a high degree of cir-
cular symmetry of the lens and its excellent position
on the line of sight between the observer and the
lensed galaxy. Thus, when estimating the mass of the
lens, we may consider a concentrically symmetric 2D
distribution of its mass. Figure 3 shows this region
in the g, r, i, and z bands. The blue and red circles
indicate the fits to the Einstein ring obtained, respec-
tively, by analyzing the HST image of the arc and the
southeastern arclets and the identified sources based
on RTT-150 data. The circumference radius deter-
mines the angular distance Θarc corresponding to the
Einstein radius. The centers of the circumferences
are also marked: from HST (blue) and RTT-150 (red)
data. The radii of the circumferences and their centers
are seen to be in good agreement with each other.
Thus, we showed the possibility of using RTT-150 in
estimates of this kind. We took the distance between
the circumference center and the BCG, 1

′′
.3, as the

error of Θarc in this system.

ESTIMATION OF THE LENS REDSHIFT
The total exposure times for the deep fields in the g

and r bands are the same. Consequently, taking into
account the same detector quantum efficiency and fil-
ter transmission in these bands, the depth of the fields

Fig. 2. The color image of the cluster field formed from
RTT-150 data in the g, r, and i bands. The selected blue
sources in the form of arcs and arclets in the HST image
are marked.

is also approximately the same. The absence of a sig-
nal in the r, i, and z bands allowed us to constrain the
redshift of the lensed source. With a great probability
this is a galaxy with intense star formation. Therefore,
the signal detected in the g band corresponds to the
fall of the Lα (1215 Å) emission line into this spectral
region. The strong C IV (1549 Å) line must also fall
into the same region; otherwise the signal from it
would be detected in the r band. C IV cannot be
the only line falling into the g band either. In this
case, a strong Mg II (2799 Å) emission line would be
detected in the i band. From these considerations and
by analyzing the transmission function of the g filter
used at RTT-150, we determined the upper and lower
redshift limits for the lensed galaxy. In Fig. 4 the red
dashed line indicates the wavelength region of the Lα

line position for the distant source, when the Lα and
C IV lines simultaneously fall into this band. When
estimating the wavelength range, we considered the
filter transmission above 70%.

Thus, we determined the redshift of the lensed
source, zs = 2.44± 0.07, which was used to estimate
the mass.

ESTIMATION OF THE MASS FROM
STRONG GRAVITATIONAL LENSING

In this paper we used the same approach to es-
timating the mass as that in Dahle et al. (2016) for
the cluster PSZ1 G311.65-18.48 discovered by the
Planck observatory, with a gravitationally lensed im-
age of a distant galaxy in the form of a giant arc having
been detected in its field. The parameters of the lensed
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Fig. 3. Deep g, r, i, and z images of the 30′′ × 30′′ region around the BCG. The red crosses mark the positions of the two
brightest cluster galaxies.

system (the Einstein radius in angular, Θarc, and
physical, REin, units, the source and lens redshifts,
and the corresponding angular diameter distances1)
to calculate the mass are given in Table 2.

The cluster mass within the cylinder of radius
REin = 72.2 kpc is estimated to be

M
cyl
Ein = πR2

EinΣcrit = 3.3+0.95
−0.8 × 1013 M�, (1)

where Σcrit is the critical surface density (Eq. (4) in
the Appendix).

The cluster mass estimateM500 ∼ 9.03× 1014 M�
in Burenin et al. (2021) implies that the radius of the
sphere inside which the mean density exceeds the
critical density at z = 0.7573 by a factor of 500 is
RX

500 ∼ 1110 kpc, corresponding to an angular size
∼2

′
.5. Thus, to recalculate the mass determined from

strong lensing to M(<RX
500), we need an extrapo-

lation in radius by a factor RX
500/REin ∼ 15, which

limits the accuracy of such calculations.
The cluster mass within the sphere of radius RX

500
can be roughly estimated by assuming that the lens-
ing cluster is described by the model of an isothermal

1The angular diameter distance is defined as the ratio of the
object’s diameter in physical units to its angular size in
radians.

sphere with a density profile ρ(r) ∝ r−γ , where γ = 2,
by analogy with the calculations performed for ellip-
tical galaxies in Lyskova et al. (2018). For a given
γ the mass (1) within the cylinder of radius REin can
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Fig. 4. Transmission of the g filter used at RTT-150. The
wavelength region of the Lα line position for the distant
source, when the Lα and C IV lines simultaneously fall
into this band, is marked.

ASTRONOMY LETTERS Vol. 48 No. 1 2022



ESTIMATION OF THE MASS OF THE VERY MASSIVE CLUSTER 5

Table 2. Parameters of the gravitationally lensed system

Parameters Values

Θarc, arcsec 9.8± 1.3

REin, kpc 72.2± 9.6

zd 0.7573± 0.0006

zs 2.44± 0.07

Dd, Mpc 1519± 0.44

Ds, Mpc 1674−9.9
+9.6

The Einstein radius in angular, Θarc, and physical,REin, units, the
source, zs, and lens, zd, redshifts, and the corresponding angular
diameter distances Ds and Dd.

be recalculated to the mass within the sphere of the
same radius. For γ = 2 this mass is 2× 1013 M�. In
that case, the cluster mass within the sphere of ra-
dius 1110 kpc is M = (3.3 ± 0.4) × 1014 M�, which
is lower than the mass derived from the mass–X-
ray luminosity relation in Burenin et al. (2021) by a
factor ∼3.

Undoubtedly, the assumption about the slope
γ = 2 over the entire range of radii from ∼0.07RX

500

to RX
500 is a rough approximation of the actually

observed density profiles that can be used only
for order-of-magnitude estimates. The fits by the
Navarro–Frenk–White (Navarro et al. 1996) or
Einasto (Einasto 1965) profiles, which describe well
the numerical cluster formation simulations when
the contribution of ordinary matter (baryons) may be
neglected, are a better approximation. In the case
of the slightly simpler Navarro–Frenk–White profile,
the slope of the density profile changes from γ = 1 at
small radii to γ = 3 at large ones.

Let us estimate the cluster mass by assuming that
the density is specified by the Navarro–Frenk–White
model:

ρ(r) =
δcρcrit(

r
Rs

)(
1 + r

Rs

)2 , (2)

where ρcrit = 3H2(z)/(8πG) is the critical density,
H(z) = H0(Ωm(1 + z)3 +ΩΛ)

1/2 is the Hubble con-
stant at the cluster redshift, and G is the gravitational
constant. The characteristic cluster radius is Rs =
R200/c, where c is the dimensionless concentration

that enters into the density profile normalization as

δc =
200

3

c3

ln(1 + c)− c/(1 + c)
. (3)

The cluster size R200 is defined as the radius of the
sphere within which the mean halo density is 200ρcrit.
Accordingly, the halo mass is M200 ≡ M(R200) =
4

3
πR3

200 × 200ρcrit.

As studies of the properties of dark matter ha-
los in numerical simulations show (see, e.g., Duffy
et al. 2008), the parameters c and M200 are closely
correlated in a wide range of halo masses. For further
estimates we use the halo concentration–mass (given
the cluster redshift) relation from Duffy et al. (2008).
Thus, only one free parameter, the halo mass, remains
in the Navarro–Frenk–White model. For a spheri-
cally symmetric lens the tangential arc must be close
in position to the tangential critical curve (the proper-
ties of a lens with the Navarro–Frenk–White density
profile are described in Bartelmann (1996), see also
the Appendix). By setting Θarc equal to the size of the
critical curve in the lens plane, we obtain an indepen-
dent estimate for the halo mass. Within the above-
described assumptions the best agreement with the
observed position of the arc is achieved at M200 =
7.1 × 1014 M� (R200 = 1388 kpc). In this case, the
concentration is c = 3.8 and Rs = R200/c = 365 kpc.
Thus, for comparison with the mass estimates ob-
tained from X-ray data and the Sunyaev–Zeldovich
effect, we can calculate the mass of the dark matter
halo M500 = (4.9± 0.7)× 1014 M� within the radius
inside which the mean halo density is 500ρcrit(z =
0.7573) and the mass within RX

500 = 1110 kpc, which
is M(<RX

500) = (5.9± 0.6)× 1014 M�. The errors in
the mass were derived from the uncertainty in the po-
sition of the halo center, i.e., the center of the circum-
ference (Fig. 3). The radius of the tangential critical
curve for the Navarro–Frenk–White profile is plotted
against the dark halo mass M(<RX

500) in Fig. 5. The
mass estimate that agrees best with the position of
the tangential arc is marked by the gray cross. The
cluster mass found by Burenin et al. (2021) from
X-ray observations within the SRG/eROSITA sur-
vey and corresponding to RX

500 = 1110 kpc is also
shown for comparison. The currently available es-
timates of the mass M500 (the physical size of the
sphere within which the mass was determined can be
different for different methods) for the cluster SRGe
CL2305.2-2248 are collected in Table 3. As follows
from Table 3 and Fig. 5, the cluster mass estimated
from gravitational lensing is less than the mass from
the literature by a factor of ∼1.5–2.

It is worth noting that the size of the critical
curve depends significantly on the derivative of the

ASTRONOMY LETTERS Vol. 48 No. 1 2022
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Fig. 5. Size of the tangential critical curve for a spherically symmetric Navarro–Frenk–White profile versus cluster mass within
the sphere of radius RX

500 = 1110 kpc. The concentration c is related to the mass by the relation from Duffy et al. (2008) derived
from the analysis of cosmological simulations without baryons. The gray cross marks the cluster mass at which the Einstein
radius coincides with the circumference radius Θarc. When estimating the uncertainty in the mass, we took into account only
the error in Θarc. The vertical dashed line and the shaded region indicate the mass estimate for the cluster SRGe CL2305.2-
2248 from SRG/eROSITA data.

gravitational potential in the central part of the
cluster and, as a consequence, the mass estimate
from strong lensing may turn out to be sensitive
to the contribution of central galaxies and, possi-
bly, hot gas to the density profile in the cluster.
As numerical simulations show, the inclusion of
baryons can indeed change significantly the density
profile in the central region of the cluster (see, e.g.,

Table 3. Mass estimates for the cluster SRGe CL2305.2–
2248 from X-ray and microwave observations and strong
lensing

Parameter M500, 1014 M� Source

eROSITA 9.0± 2.6 Burenin et al. (2021)

ACT 9.2± 1.5 Hilton et al. (2021)

SPT 7.4± 0.8 Bleem et al. (2020)

Strong lensing 4.9± 0.7 This paper

Henson et al. 2017; Shirasaki et al. 2018), mainly
through cooling and “adiabatic compression” (see,
e.g., Gnedin et al. 2004). These effects can be partly
taken into account by retaining the radial profile as in
Eq. (2), but changing the concentration c compared
to the numerical simulations without baryons. Above
we obtained an estimate for the cluster mass by
assuming that the concentration is expressed via
the halo mass according to the relation from Duffy
et al. (2008). However, the observations of strong
and weak lensing of several well-studied clusters
from the CLASH sample (Merten et al. 2015) give
noticeably higher values of c than those predicted
by the calculations of Duffy et al. (2008), which are
based on cosmological simulations including only
dark matter. If the concentration is fixed at a value
twice the predicted one from Duffy et al. (2008), then
the halo mass estimate is M200 = 2.6× 1014 M�,
c = 8.3, M500 = 2.1 × 1014 M�, M(<RX

500) = 2.8 ×
1014 M�. Thus, there is a noticeable uncertainty
when extrapolating from REin = 72 kpc to large
radii ∼1000 kpc, because the actual total density
profiles of galaxy clusters can be considerably more
complex than those predicted by numerical cluster

ASTRONOMY LETTERS Vol. 48 No. 1 2022
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formation simulations without baryons and in view of
the possible deviations from spherical symmetry.

DISCUSSION

The massive galaxy cluster SRGe CL2305.2-
2248 at a redshift z � 0.76 is a very rare object
in the observable Universe. Its mass estimated
from X-ray observations and the Sunyaev–Zeldovich
effect, M500 ∼ 9× 1014 M�, is comparable to the
mass of the cluster El Gordo. A total of ∼10 so
massive clusters at redshifts z > 0.7 in the entire sky
is expected within the standard ΛCDM cosmological
model. In this paper we investigated the deep direct
images of the SRGe CL2305.2–2248 field obtained
at the Russian–Turkish 1.5-m telescope (RTT-150)
within the ground support of the X-ray survey with
the eROSITA telescope onboard the SRG space
observatory. Based on RTT-150 images and high-
spatial-resolution images from the open Hubble
Space Telescope (HST) archive, we selected probable
gravitationally lensed sources, with the giant arc
near the brightest cluster galaxies being also among
them. We obtained a photometric redshift estimate
for the arc, zS = 2.44 ± 0.07. The arc and several
other lensed images lie virtually on one circumference
with a radius of 9.8± 1.3 arcsec, which suggested a
spherical symmetry of the lens and provided a direct
measurement of the mass within the cylinder with
a radius equal to the radius of the circumference
(=the Einstein radius REin). An extrapolation of
the mass measurements based on strong lensing
using the approximation of an isothermal sphere or
the Navarro–Frenk–White profile for a reasonable
range of concentrations c leads to M500 estimates
lower than the estimate from the M − LX relation
approximately by a factor of 1.5–3. Values of c that
are well below the typical ones for relaxed clusters
are required to reconcile these estimates. A possible
explanation is a merger of clusters that led to a flatter
mass distribution in the central part of the cluster.
The presence of two massive galaxies at the center
may also argue for this hypothesis. Another expla-
nation can be a peculiarly high X-ray luminosity of
this cluster. In principle, the luminosity can increase
noticeably at certain merger phases. Consequently,
the merger effect can also simultaneously lead to an
overestimation of the luminosity and an underesti-
mation of the concentration c. Detailed X-ray and
microwave observations are needed for the dynamical
state of the cluster to be reliably determined. The
construction of an accurate lens model by the strong
and weak lensing methods will also make it possible
to draw conclusions as to whether we observe one
massive cluster or a merger of several clusters and to
estimate the halo mass irrespective of the dynamical

state. However, this requires measuring/estimating
the redshifts of a large number of sources and mea-
suring the elongation of background objects (for weak
lensing).

APPENDIX

The analytical expressions describing the posi-
tions of tangential arcs in a spherically symmetric
gravitationally lensed system, in which the lens den-
sity profile is described by the Navarro–Frenk–White
profile, are presented in Bartelmann (1996). The
properties of axisymmetric gravitational lenses are
determined by their surface density κ(x) = Σ(x)/Σcr,
where

Σcr =
c2

4πG

Ds

DdDds
, (4)

x is the coordinate along the radius in units of Rs, c
is the speed of light, G is the gravitational constant,
Dd and Ds are the angular diameter distances from
the observer to the lens and the source, respectively,
and Dds is the angular diameter distance from the lens
to the source. The mass within a circle of radius x is
specified by the expression

m(x) ≡ 2

x∫

0

dyyκ(y). (5)

In the case of spherically symmetric lenses, source
images in the form of tangential arcs arise close to
the tangential critical curve defined by the condition
m(x) = x2. The dimensionless surface density

κ(x) = 2κs
f(x)

x2 − 1
, (6)

where κs ≡ ρsrsΣ
−1
cr , corresponds to the volume den-

sity ρ(r) defined by Eq. (2). The dimensionless mass
m(x) is specified by the expression

m(x) = 4κsg(x), (7)

where

g(x) = ln
x

2
+

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2√
x2 − 1

arctan

√
x− 1

x+ 1
, x > 1

2√
1− x2

arctanh

√
1− x

1 + x
, x < 1

1, x = 1.
(8)
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