
Introduction 
• Galaxy clusters are the largest gravitationally bound structures in the 

universe.
• They contain 100s to 1000s of galaxies.
• The Intra-cluster-medium (ICM), which is a hot gas (~107 K) in between 

galaxies is detectable in the X-ray range via Bremsstrahlung radiation. 
• ICM thermodynamical properties are extremely important for 

cosmology, i.e., how the universe formed and how it is evolving.

Methods
Simulation:
Building Data Grids:
• Two sets of 3D arrays are generated based on a given temperature (Eqn. 1) and density (Eqn. 2) 

profile.
• Clumps are “injected” into the arrays randomly in 3D space with their selected properties 

(temperature, density, number of clumps).
• The datasets are loaded into yt, which processes information from computer simulations in order 

to produce mock observations. 
Simulating Photons:
• The yt datasets are processed using pyXSIM.
• pyXSIM generates a 3D photon list, based on a thermal source model (apec).
• The output is a 3D array that describes how light would emanate from each cell of the grid based 

on the temperature and density at that point.
Projecting Photons to Simulate Images:
• The photon list can then be projected along an axis to generate a mock observation of a cluster at 

a given redshift.
• A 2D event file is then produced and using SOXS (an instrument simulator), a mock observation 

can be created that simulates the response and background of a telescope.

Results
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Goals
• To reproduce observed entropy profiles using simulated observations 

and to determine what clumping properties yield observed results. 
• To investigate clump properties (size, temperature, density, amount).
• Determine if clumps would be detectable by STAR-X.

Spectral Analysis:
• Point sources and clumps are subtracted out using wavdetect.
• Spectra are extracted from concentric annuli centered at the X-ray emission peak.
• The data is fitted to find temperature and surface brightness values and then used to construct a 

radial profile for both temperature and density. 
• An entropy profile can then be derived (Eqn. 3).

Future Work
• Identify most probable clumping scenarios using mock Suzaku 

observations and place limits on detectable clump properties for 
STAR-X.

Discussion
• The extracted temperature (top), density (middle), and entropy 

profiles (bottom) from the reconstruction of Abell 2029 from 
Suzaku (left, blue) and STAR-X (left, orange) follow the same 
trends as observational Suzaku data (left, red).

• Simulation produces realistic cluster data.
• The extracted profiles from the reconstructed cluster with 

clumps injected follow the same trends as the best fit model 
from observational Chandra data (black lines).

• Injected clumps can recreate observed drop in entropy.
• Correcting for clumping (right, blue) yields the expected 

entropy profile (bottom, dashed green).
• The expected entropy profile can be recovered through clump 

detection.

Observational Data vs 
Reconstruction

Clump Injected Cluster 
Reconstruction

Projected temperatures (top), deprojected Hydrogen number density (middle), and derived entropy (bottom). Black lines 
are best fit Vikhlinin model from Chandra observations. Dashed green lines on bottom plots signify the expected entropy 
(r^1.1). Left:. Observed results of Abell 2029 from Suzaku (red), simulated results from Suzaku (blue), and simulated 
results from STAR-X (orange).  Right: Results from the reconstruction of Abell 2029, each profile is extracted from the 
same simulated image (Fig 2). Red signifies the cluster with clumps injected. Blue signifies clump-corrected data.  

Eqn 1:

peak and computed the area-averagedChandra effective area for
each annulus (see Paper I for details on calculating the effective
area). Using the effective area and observed projected temper-
ature and metallicity as a function of radius, we converted the
Chandra count rate in the 0.7–2 keV band into emission inte-
gral, EI¼

R
nenp dV , within the cylindrical shell. We have ver-

ified that these ‘‘physical’’ cluster brightness profiles derived
from BI and FI CCDs are always in excellent agreement in the
overlapping radial range. The profiles from both CCD sets and
different pointings were combined using the statistically optimal
weighting. The original Poisson uncertainties were propagated
throughout this procedure.

For lower redshift clusters in our sample, the statistical accu-
racy of the surface brightness at large radii is limited mostly by
the Chandra field of view. The analysis in such cases can benefit
from also using data from the Röntgensatellit (ROSAT ) Position
Sensitive Proportional Counter (PSPC) pointed observations.We
used flat-fielded ROSAT images in the 0.7–2 keV band produced
using S. Snowden’s software (Snowden et al. 1994) and reduced
as described in Vikhlinin et al. (1999). ROSAT surface brightness
profiles were converted to projected emission measure and were
used as a second independent data set in modeling the gas density
distribution.We did not use the ROSAT data in the central 20 from
the cluster center, because this region can be affected by the PSPC
angular resolution ("2500 FWHM). At larger radii, we always
find excellent agreement between Chandra and ROSAT PSPC
surface brightness data (an example is shown in Fig. 2). Below,
we used the combined Chandra and ROSAT analysis for those
clusters with sufficiently deep PSPC exposures: A133, A262,
A478, A1795, A1991, A2029, and MKW 4.

3. MODELING OF TEMPERATURE AND SURFACE
BRIGHTNESS PROFILES

We model the observed X-ray surface brightness and projected
temperature profiles using the following general approach. The
three-dimensional profiles of gas density and temperature are
represented with analytic functions that are smooth but have
freedom to describe a wide range of the possible profiles. The

models are projected along the line of sight and fit to the data. The
best-fit three-dimensional model is used to derive all interesting
cluster parameters, such as the total gravitating mass. Measure-
ment uncertainties for all quantities are estimated using Monte
Carlo simulations in which random statistical errors are added to
the data, and the full analysis is repeated using these simulated
data as an input.

Reliability of this modeling approach was tested by applying
our Chandra data analysis procedures to ‘‘observations’’ of
clusters from high-resolution numerical simulations (D. Nagai
et al. 2006, in preparation). This analysis demonstrated that the
three-dimensional gas density and temperature profiles of re-
laxed clusters are reconstructed within a few percent.

3.1. Gas Density Model

The analytic expression we use for the three-dimensional gas
density distribution is obtained by modifying the traditionally
used !-model (Cavaliere & Fusco-Femiano 1978). Modifications
are designed to represent essential features of the observed X-ray
surface brightness profiles. Gas density in the centers of relaxed
clusters, such as ours, usually has a power-law-type cusp instead
of a flat core, and so the first modification is

n20
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This model was also used by, e.g., Pointecouteau et al. (2004).
At large radii, the observed X-ray brightness profiles often

steepen at r > 0:3r200 relative to the power law extrapolated
from smaller radii (Vikhlinin et al. 1999; see also recent work by
Neumann 2005). This change of slope can be modeled as
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where the additional term describes a change of slope by " near
the radius rs, and the parameter # controls the width of the tran-
sition region. Finally, we add a second !-model component with
small core radius to increase modeling freedom near the cluster
centers. The complete expression for the emission measure
profile is
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All of our clusters can be fit adequately by this model with a
fixed # ¼ 3. All other parameters were free. The only constraint
we used to exclude unphysically sharp density breaks was
" < 5. The analytic model (eq. [3]) has great freedom and can fit
independently the inner and outer cluster regions. This is im-
portant for avoiding biases in the mass measurements at large
radii and also for more realistic uncertainty estimates. The best-
fit model for the observed surface brightness in A133 is shown
by a solid line in Figure 2.

Parameters in equation (3) are strongly correlated and there-
fore their individual values are degenerate. This is not a problem
because our goal is only to find a smooth analytic expression for
the gas density, which is consistent with the observed X-ray
surface brightness throughout the radial range of interest.

Fig. 2.—Observed projected emissivity profile for A133. Chandra and
ROSAT PSPC data are shown in red and green, respectively. The solid line
shows the best fit to the three-dimensional gas density model (eq. [3]). The
slope of the emissivity profile steepens by 1 at radius rbr ¼ rs("$ 1)$1/# .
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The Survey and Time-domain Astronomical Research eXplorer (STAR-X) 
was proposed in the last Mid-Sized Explorer Class Mission (MIDEX) call 
by NASA at the end of 2021. It will have a low particle background due 
to its low altitude orbit and will be able to detect cluster outskirts. In a 

low Earth orbit, the Earth’s magnetosphere will protect STAR-X from 
high energy charged particles. It also will be more efficient than 

previous missions (less exposure time, faster slewing). STAR-X is also 
designed with a large field of view, large effective area, and an optimum 

Point-Spread Function (PSF) to minimize noise and gather as much 
information about a cluster as possible.

STAR-X

Bremsstrahlung Radiation

The ICM is so hot that the gas 
is ionized. When electrons get 
deflected through interactions 

with ions, X-ray radiation is 
produced. 

• Entropy in particular is essential to understand 
the dynamical properties of a cluster, including 
its evolution. 

• Observations have shown unexpected results in 
derived entropy profiles for clusters. 

• Gas clumping, denser and cooler pockets of gas 
can affect how we measure entropy.

• Current telescopes cannot see these clumps.
• STAR-X should be able to detect these clumps.
• This work simulates what STAR-X will see when 

looking at galaxy clusters.

Figure 1 – Make these boxes your focal points

Figure 1: Reconstructed image of Abell 2029 
based on Chandra best fit models. Annulus 4 is 

shown in white. 

Figure 2: A reconstruction of Abell 
2029, with clumps injected. 

Fit of the spectrum extracted from Annulus 4 as shown in 
Fig 1. Data is shown in the upper black curve, red curve 
represents the model, and the ratio demonstrates the 

goodness of the fit.
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