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ABSTRACT

We introduce a method of identifying evidence of shocks in the X-ray emitting gas in clusters of
galaxies. Using information from synthetic observations of simulated clusters, we do a blind search of
the synthetic image plane. The locations of likely shocks found using this method closely match those
of shocks identified in the simulation hydrodynamic data. Though this method assumes nothing about
the geometry of the shocks, the general distribution of shocks as a function of Mach number in the
cluster hydrodynamic data can be extracted via this method. Characterization of the cluster shock
distribution is critical to understanding production of cosmic rays in clusters and the use of shocks as
dynamical tracers.
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I. INTRODUCTION

In astrophysical environments generally, evidence of
shocked gas is often reported (e.g. Markevitch et al.
(2002)). Shocks develop due to locally supersonic gas
flows during the process of large-scale structure forma-
tion. The gas is accelerated by the action of gravity
in the potential wells of clusters, filaments and sheets.
Shocks result in heating and compression of the gas in
relatively small spatial regions. Therefore, the magni-
tude of the thermal emission jumps across the shock,
and creates observable features. These features occur
in clusters in observations of thermal X-rays. Because
shocks are generated by not just relatively steady ac-
cretion, but by transient merging phenomena, we can
trace the process of structure formation by reading the
X-ray substructure in clusters.

Shocks are largely responsible for the conversion
of gravitational potential energy to thermal energy in
large-scale structure formation. However, shocks gener-
ate not only thermal dissipation, but are likely sources
of accelerated particles. Studies have shown that a sig-
nificant fraction of the incident kinetic energy at shocks
can be converted into cosmic rays via diffusive shock
acceleration (Kang & Jones, 2002). So, in addition to
their use as tracers of dynamics in clusters, shocks also
are efficient phenomena for the generation of cosmic
rays. It is also possible that the cosmic ray population
may contribute a dynamically significant pressure to
the gas in clusters (Miniati, 2000).

In order to understand the role of accelerated parti-
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cles in clusters, and explore the use of shock features as
dynamical tracers, it would be useful to develop obser-
vational techniques which can sample not just obvious
shocks, but the full range of shocks throughout the clus-
ter volume. Simulations show that a complex web of
shock surfaces are present in the gas of most clusters.
Our goal is to determine how to identify and charac-
terize these shocks observationally. The questions we
address in this analysis are the following:

1. What is the observable distribution of shocks as a
function of Mach number in simulated clusters?

2. Is the observed distribution an accurate reflection
of the shocks in the cluster gas?

II. DATA ANALYSIS

(a) Cosmological Simulation

The parameters of the LCDM (cold dark matter
with cosmological constant) simulation are as follows:

• h = Ho/(100km s−1Mpc−1) = 0.7
• total mass density ΩM = 0.27
• dark energy density ΩΛ = 0.73.
• baryonic mass density Ωb = 0.043
• normalization of matter power spectrum σ8 = 0.8

The computational box consists of 10243 cells and 5123

dark matter particles. The simulation environment is
a comoving (50h−1Mpc)3 volume. For the hydro code,
this gives a length resolution of 48.8h−1kpc. The sim-
ulations use a grid based cosmological hydrodynamic
code developed by Ryu et al. (1993).
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(b) Identification of Clusters/Groups

The cluster volumes are selected around centers
identified as local peaks in the gas density. It is im-
portant to note that even the largest clusters in the
simulation are a few times 1014 solar masses, and kT
values of about 2.5 keV. These are relatively small by
observational standards, and the distribution is a re-
sults from the relatively small physical volume simu-
lated. This simulation was run to highly resolve the
regions outside clusters particularly, and to resolve the
regions near cluster cores better than previous work
done with similar computational methods.

(c) Identification of Shocks in Simulation Data

The simulation code itself has been designed to cap-
ture shocks within a few zones, and adapted in other
versions to explicitly inject and track the distribution
of accelerated particles at shocks. As the simulation
runs the Riemann solver detects and characterizes the
shocks. In order to do a post-processing analysis of
the type done in Ryu et al. (2003), we have done 1024
one-dimensional passes covering the entire plane of the
simulation box along each of the three simulation grid
axes. The following criteria are used to tag a zone as
shocked:

1. ∆T∆s > 0, the gradients of temperature and en-
tropy are in the same direction

2. ∇ · v < 0, The velocity divergence is negative,
indicating a converging flow

3. |∆logT | ≥ 0.11, The jump in temperature is above
some specified value as defined by a scheme which
differences the temperature in the i-1 and i+1
zones. In this case the value corresponds to a
Mach number of 1.3.

The code typically captures shocks in 2-3 zones, so in
each pass, the center of the shock is identified as the
zone with the minimum velocity divergence. This zone
is then assigned a Mach number calculated from the
Rankine-Hugoniot jump conditions for a gamma law
gas using:

M =
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− 7 +

√
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T1
− 7)2 + 15
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T2 and T1 are the postshock and preshock temper-
atures representing the minimum and maximum tem-
peratures across the extent of the continuous one di-
mensional extent of each shock. Shock centers identi-
fied in more than one pass are assigned the maximum
Mach number found. A minimum Mach number of 1.5
is used to avoid contamination from adiabatic features
in the flow. The minimum pre-shock temperature used
in this analysis is 104K, using the assumption of full
photo-ionization of the low temperature gas.

(d) Synthetic X-Ray Observations

We use the physical values of temperature and den-
sity, and the MEKAL (Mewe et al., 1985) model, to
generate a spectrum of X-ray emission at each grid lo-
cation. The major thermal emission mechanisms are
bremsstrahlung, and continuum and line emission from
the most abundant atomic species. The chemical abun-
dance is assumed to be Z = 0.3. We integrate the emis-
sivities along each line of sight in the optically thin
limit. The ray-tracing code that performs these oper-
ations is detailed in Tregillis (2002). The end result
of the synthetic observation code is a set of images in
chosen energy bands, spatially resolved to the level of
the simulation data. A temperature map of each ob-
ject and orientation can be generated by spectral fitting
at each sky pixel of the images. A new feature of the
SYNTH code added in this work (originally developed
by Tregillis (2002) and modified for use on cosmologi-
cal data by Miniati (2000)), is the use of instrumental
characteristics to generate images as they would appear
to real X-ray instruments. To correctly determine the
broadband surface brightness, as well as the observed
spectrum, we also include photoelectric absorption of
X-rays along the line of sight using the Wisconsin ab-
sorption model (Morrison & McCammon, 1983) for a
typical column depth of hydrogen along a line of sight
to the selected redshift of the synthetic observation.

(e) Shock Finding in Synthetically Observed
Images

The presence of a shock creates a jump in temper-
ature and density across the shock surface. This leads
to a jump in the thermal emissivity across the shock.
Using synthetic X-ray images combined with the spec-
tral temperature generated by fitting the spectrum at
each sky location in the images, we do a blind search
for shocks. This is similar to the method used in the
simulation data, but we have only projected quantities
to work with. Initially, I use the entire image plane
to search for shocks. Since with the synthetic observa-
tions, we have unlimited sensitivity, this is possible.
In reality it is necessary to look at the count rates
which our simulated cluster would generate in a par-
ticular instrument in a reasonable exposure time in or-
der to correctly gauge the observability of each cluster
and individual features. Initially, however, it is use-
ful to characterize the two-dimensional projected dis-
tribution of shocks deduced from observable quantities.
The method used to identify shocks in the images uses
criteria analogous to the three-dimensional technique
from the previous chapter. Successive one dimensional
passes through the image plane check the criteria

• ∆T ∆σ > 0, the gradients of the spectral tem-
perature and surface brightness are in the same
direction

• |∆logT | ≥ 0.11, same as for 3-d case, the tem-
perature jump must be greater than a threshold
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Fig. 1.— Synthetic X-ray observation of Cls3. Color shading is MEKAL weighted temperature. Overlaid black pixels are
locations of shocks. Left panel is from synthetic observation identification, right is a slice through the cluster volume of shocks
identified via the full three dimensional post-processing analysis. Color scale is shown. Physical scale is (6.25h−1Mpc)2.

corresponding to M = 1.3.

to determine whether a pixel lies within a shock. Then,
as in the three-dimensional case, the shock center is
identified. We have identified the middle of the con-
tinuous one-dimensional extent of zones identified as
shocked as the shock center. Pixels identified as shock
centers in both passes are assigned the higher Mach
number of the two. The Mach number is calculated
from the central difference of the projected tempera-
ture. This calculation is similar to what is done using
observational data from real clusters (e.g. Kempner
et al. (2002); Markevitch & Vikhlinin (2001)). In cases
where the orientation of cluster features are somewhat
obvious, an attempt is usually made to account for the
projection effect of gas along the line of sight in order
to more accurately measure the temperature jump (e.g.
Markevitch et al. (2002)). We use a minimum jump in
temperature associated with a shock of M=1.3 with
this method to attempt to capture more weak shocks
which might be seen obliquely in each projection. Er-
rors in any spectral temperature calculation in many
cases would preclude detecting jumps smaller than this.

III. RESULTS

An example of identified shocks in a simulated clus-
ter is shown in Fig. 1. The left panel shows in gray
and black the location of identified shock centers using
the synthetic observation method. The color underly-
ing is the calculated spectral temperature for this syn-

thetic observation. On the right is the same spectral
temperature image, this time overlaid with the loca-
tions of shock centers as found in a slice of the simula-
tion hydrodynamic data near the center of the cluster.
The correspondence between the shocks identified in
the simulation data and in the synthetic observations
is good, even using this simple approach.

Figure 2 shows the number of shocks per unit log-
arithmic Mach number interval for the synthetic ob-
servational shock finding method with a minimum sur-
face brightness consistent with detection by the XMM-
EPIC pn detector. The shocks are identified in syn-
thetic observations of 3 orthogonal projections of all of
the 10 most massive clusters/groups in the simulation
at z=0. The dotted line represents the counts for the
three-dimensional shock finding analysis for the gas in
those same cluster volumes which is hotter than 107

K. This is a comparison of the relative proportion of
shocks as a function of Mach number which exist in
the hydrodynamic data with the shocks identified via
the synthetic observations. We also should note that
at the low Mach number end of the distribution, we
should undercount shocks, since those shocks with a
Mach number near the threshold could easily be missed
when viewed at most orientations other than edge-on
to the line of sight. In general, it appears the 2d analy-
sis presents an accurate picture of the relative number
of shocks as a function of Mach number. Both distribu-
tions cut off at M = 3-4. Projection effects should also
lead to a lower maximum Mach number detected via
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Fig. 2.— Comparison of number of shocks per logarithmic Mach number interval found using 2d and 3d methods. Solid
line represents shocks identified in synthetic observational analysis. Dotted is for shocks identified in analysis of simulation
data for shocks in cluster volumes in hot phase.

the synthetic observations than that in the simulation
data.

IV. CONCLUSIONS

We have identified the location of possible shocks
in synthetic X-ray observations of simulated clusters of
galaxies. We use a simple blind search method to iden-
tify shocks using the synthetic observation data. Fea-
tures identified in this way show excellent correlation
with the location of shocks in the simulation hydrody-
namic data. This simple approach allows for the iden-
tification of a large number of shock surfaces in each
cluster or group, which leads to a better understand-
ing of the real distribution of these features in clus-
ters. Although we may underestimate the real shock
strength due to projection effects, overall the distribu-
tion of shocks as a function of Mach number in clusters
is well represented by the results of such a simple, sys-
tematic search of the image plane. In future work, we
will examine the effectiveness of this method using re-
alistic X-ray photon counts and errors in typical X-ray
observations.
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