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Abstract
In this paper, we present a study of the galaxy cluster Abell 1835 using a 2008
XMM-Newton observation. Analysis of spectra from 8 annular regions gives radial
profiles for ICM temperature and gas density. The emission weighted temperature of
the cluster is determined to be kTew = 7.0 ± 0.2 keV. With the assumption of pressuregravity equilibrium, the gravitating mass profile of the cluster is obtained. This profile
is compared to the integrated gas mass distribution and total galaxy mass to highlight
“missing mass” that is being contributed by dark matter.
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Introduction

Galaxy clusters are the universe’s largest gravitationally bound objects, and they play a
key role in our understanding of large scale structure formation. When studying clusters,
we explore concepts from many different fields of physics, including plasma physics, particle physics, astrophysics, and cosmology. Despite their immense size, these are not “rare”
objects; clusters of galaxies have been found in relative abundance, and there are now large
catalogs of known clusters.
There are three key components that make up a galaxy cluster:
• Galaxies: There can be hundreds to thousands of galaxies in a single cluster, with their
total masses composing only about 1% of the total cluster mass. [1]
• Intra-Cluster Medium (ICM): Filling the space between the galaxies is a very hot,
diffuse gas known as the ICM. The temperature of the ICM is around 107 to 108
Kelvin, which tells us that the “gas” must be ionized (in a plasma state) and must be
emitting in the X-ray range. This is the dominant observable component, but forms
only ∼9% of cluster mass.
• Dark Matter: The dominant component of a galaxy cluster is not directly observable.
However, the presence of dark matter is inferred from a significant gap between the
total baryonic mass of a cluster and the mass the cluster would need for gravity to
balance with the ICM pressure gradient.
It is clear that in order to study galaxy clusters by direct observation, we should focus on
the intra-cluster medium, since it is the dominant observable component.
To observe ICM emissions, an X-ray satellite must be employed. These instruments allow us to overcome the atmospheric absorption of energetic photons that we wish to detect.
They detect these emissions on a photon-by-photon basis, and provide energy, timing, and
imaging information for each detection. For this project, we use data from the XMM-Newton
satellite because of its moderate angular resolution.
The selected target is Abell 1835, a very massive galaxy cluster ( ∼1015 solar masses) with
redshift z = 0.2532. [2] This cluster is desirable to study due to its large mass, which suggests
an interesting formation history through mergers and accretion of matter. We determine the
total gravitating mass profile of the cluster, which requires first investigating the radial
profiles of temperature and gas density.

2

Observation

The selected XMM-Newton observation of Abell 1835 occurred on July 25-26, 2008. This
observation (Obs ID: 0551830201) has a 14-hour exposure time. We concentrated on using
spectra from the EPIC instruments: MOS1 and MOS2. CCD #6 on the EPIC-MOS1 camera
is disabled due to a micro-meteorite strike, but spectra are not drawn from this region (using
MOS1 or MOS2).
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3.1

Data Processing
XMM-SAS

Using the XMM-Newton “Scientific Analysis System” (SAS) version 13.0.0, calibrated event
files are generated using the emchain command. These files contain information on desired
detector “events” (i.e. those with event patterns 0 to 12). A composite background file
was generated using blank sky observations, and all spectra used in the analysis below are
background-subtracted spectra.

3.2
3.2.1

Spectral Analysis
Annuli

In order to obtain a radial profile for any cluster property, it is necessary to extract Xray spectra at different distances from the cluster center. This is accomplished by defining 8
annular regions using SAOImage DS9, an astronomical data visualization application. Using
the “counts in regions” tool, regions are created with 20000 ± 200 counts on MOS1. The
variance in counts per region is slightly higher for MOS2, but the values are still acceptably
close. These regions are shown on MOS1 in Fig. 1, and their outer radii (Router ) and central
radii (R) are given in the accompanying table.

Region
1
2
3
4
5
6
7
8

Router (arcmin)
0.19
0.35
0.55
0.83
1.24
1.96
3.40
5.50

R (arcmin)
0.10
0.27
0.45
0.69
1.04
1.60
2.68
4.45

Figure 1: Eight regions defined using DS9 for radial spectral analysis are shown on top of
the MOS1 image. Their radii are given in the table to the right.
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3.2.2

Deprojection and Fit

By assigning one spectrum to each region for both MOS1 and MOS2, we obtain a total of
16 spectra. Each spectrum is binned so that one of the following conditions is met:
1. Minimum signal-to-noise ratio = 8

(= 6 for Region 8)

2. Minimum counts per bin = 40

(= 60 for Region 5; = 70 for Regions 6-8)

Using the X-Ray spectral fitting package XSPEC, we fit all 16 spectra simultaneously with
the model: mo projct*wabs*apec. The projct model allows for the deprojection of
outer regions from inner ones. Assuming that the cluster is spherically symmetric, it can be
thought of as a series of spherical shells. For the inner regions of the MOS images to represent
the inner shells of the cluster, one must remove the projections of the outer shells that are
in front of them. The fitted spectra are shown in Fig. 2. This fit has χ2 /DOF= 2877/2603.

Figure 2: The spectral data and XSPEC fit for all 16 spectra (8 MOS1 + 8 MOS2) using
the model mo projct*wabs*apec. χ2 /DOF = 2877/2603 ≈ 1.11
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3.2.3

Results

The radial temperature profile is readily obtained from the spectral fit, as one of the apec
model parameters is temperature, kT . Figure 3 (left) shows kT versus radius, where the
radii of different regions have been converted to physical units (kiloparsecs). The emission
weighted temperature of the cluster is found to be kTew = 7.0 ± 0.2 keV.
The gas density profile is obtained from the norm parameter in apec through Eq. 1,
Z
10−14
norm =
n2e dV
4π[DA (1 + z)]2

(1)

where DA is the angular diameter distance to the source (cm), and ne is the electron/gas
density (cm−3 ). Figure 3 (right) shows ne versus radius.

Figure 3: The radial profiles of temperature (left) and gas density (right), which will be used
to obtain the gravitating mass profile of the cluster.
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Gravitating Mass Profile

The gravitating mass profile for this galaxy cluster can be determined from spectral fit
results simply by assuming that the pressure gradient of the ICM must be in equilibrium
with gravitational forces. [3] Eq. 2 shows the formula for gravitating mass, M (R).


R2 dP (R)
M (R) = −
(2)
Gρg (R) dR
Here, G is the gravitational constant, ρg is the gas mass density, and P is gas pressure, which
are given respectively as
ρg (R) = 0.609 ∗ mp ∗ ne (R)
(3)
P (R) = ne (R) ∗ kT (R)
where mp is the proton mass.
5

(4)

Figure 4 shows the gravitating mass, M (R) (in units of solar masses), in purple. This is an
integrated distribution, so that each point represents the total gravitating mass up to radius
R. Note that the outermost point shows a lower mass than the value that precedes it. This
is obviously non-physical, and must result from some small sensitivity in the equation for
M (R). Figure 4 also shows the integrated mass distribution of the ICM in yellow, which
is obtained by integrating Eq. 3. The total galaxy mass (obtained from catalog) plus total
ICM mass is shown as a blue triangle at the outermost radius.

Figure 4: Integrated gravitating mass, M (R), is shown in purple (diamonds), integrated
ICM mass is shown in yellow (circles), and total baryon mass is shown as a blue triangle.
All masses are given in terms of solar mass.
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Conclusions

Data from the X-ray satellite XMM-Newton allow for the determination of temperature and
gas density profiles of Abell 1835. These profiles are used to obtain the gravitating mass
profile. By comparing the sum (total ICM mass + total galaxy mass) to the total gravitating
mass, we find a large discrepancy between this cluster’s baryon mass and its total mass. This
difference indicates that if ICM pressure is at equilibrium with gravity (which it should be
for this relaxed cluster), there must be at least one other component contributing to total
cluster mass. This extra component is predicted by theory to be dark matter.
Possible extensions of this study include fitting the mass distribution with different theoretical models. The distribution could also be compared to the results of cosmological
“N-body” simulations of dark matter.
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