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We use Enzo, a hybrid Eulerian AMR/N-body code, to explore the morphology of the X-ray
gas in clusters of galaxies. We employ and compare two observationally motivated structure
measures: power ratios and centroid shift. Overall, the structure of our simulated clusters
compares remarkably well to low-redshift observations, although some differences remain that
may point to incomplete gas physics. We find no dependence on cluster structure in the
mass-observable scaling relations, TX − M and YX − M , when using the true cluster masses.
However, estimates of the total mass based on the assumption of hydrostatic equilibrium, as
assumed in observational studies, are systematically low. We show that the hydrostatic mass
bias strongly correlates with cluster structure and, more weakly, with cluster mass. When
the hydrostatic masses are used, the mass-observable scaling relations and gas mass fractions
depend significantly on cluster morphology, and the true relations are not recovered even if
the most relaxed clusters are used. We show that cluster structure can be used to effectively
correct the hydrostatic mass estimates and mass-scaling relations, suggesting that we can
calibrate for this systematic effect in cosmological studies. Projection along the line of sight
leads to significant uncertainty in the structure of individual clusters.

1 Introduction

The growth of large-scale structure in the universe is a powerful probe of cosmology. In par-
ticular, the largest collapsed structures, clusters of galaxies, are often used as a cosmological
probe 1. However, as with other cosmological probes (e.g. SN Ia) the accuracy of cosmological
studies with clusters is currently limited by systematics, and the precise constraints now being
sought on parameters like dark energy require a more detailed understanding of cluster forma-
tion and evolution 1. In particular, cosmological constraints from cluster studies are limited by
the accuracy to which we can determine cluster mass.

One major source of uncertainty in cluster mass estimates is the cluster’s dynamical state.
Most methods of estimating cluster mass (e.g. from the velocity dispersion of the cluster galaxies,



X-ray temperature, or gas mass) assume that the cluster and its gas are in equilibrium. However,
massive clusters form and grow through relatively frequent mergers with other clusters and
groups, and many clusters are observed to have significant substructure or disturbed, asymmetric
morphologies 2. We study cluster structure in hydrodynamical simulations including cooling,
star formation, and feedback run in a ΛCDM cosmology 3, allowing us to directly probe the
relationship between cluster structure and observable cluster properties. In this work, we use
observationally motivated measures of cluster structure, the power ratios and centroid shift 4,5,
to allow a quantitative comparison to the observed degree of substructure or asymmetry. The
use of a quantitative measure of structure also allows us to explore whether these measures
can be used either as a tool to select clusters or as a third parameter to improve cluster mass
estimates. Here we focus on simulated X-ray observations of clusters; X-ray observations provide
both good depth and resolution for studies of cluster structure and X-ray surveys are commonly
used to constrain cosmology.

2 The Effects of Cluster Structure on Mass Estimates

We do not find strong trends between cluster structure and mass, X-ray temperature, or YX .
We do, however, find a significant offset of relaxed clusters toward higher luminosities in the
LX − TX and LX − M relations. This offset is partially corrected by removing the cluster
cores from the luminosity, but a significant offset still remains. When using the true cluster
masses, we do not find a significant dependence in the TX −M and YX −M relations on cluster
structure. However, we find that masses calculated assuming hydrostatic equilibrium typically
underestimate true cluster mass6,7,8 and that the error in determining mass is strongly correlated
with cluster structure, as shown in Figure 1. For relaxed clusters, the hydrostatic masses are
lower than the true masses by typically 12%, while for disturbed clusters the typical error is
doubled to 24%. This correlation shows that our structure measures do probe deviation from
hydrostatic equilibrium. We also find a weaker, but significant correlation of the deviation of
hydrostatic mass from true mass with cluster mass.

The correlation of mass underestimate with cluster structure means that when the hy-
drostatic masses are used to form the mass-observable scaling relations (TX − Mhydro and
YX − Mhydro), as would be done observationally, these relations depend significantly on cluster
morphology (Figure 2). The scatter in these relations also increases. Even when using the most
relaxed clusters to normalize the TX −Mhydro and YX −Mhydro relations, they differ significantly
from the true relations. We can, however, use cluster structure to correct the hydrostatic masses.
Particularly when using the power ratios, correcting the hydrostatic masses improves the mass
estimates for 75% of the clusters, eliminates the offset between relaxed and disturbed clusters
in the TX − M and YX − M relations, and leads to good agreement with the true relations
(Figure 2). Some difference in slope versus the true relations remains due to the dependence
of the hydrostatic mass error on cluster mass, and the scatter in the mass-scaling relations is
only slightly reduced. The underestimate in total mass under the assumption of hydrostatic
equilibrium also leads to an overestimate of cluster gas mass fraction. This error combines with
a significant, but milder trend in cluster gas mass with structure. Gas mass is systematically
overestimated for more disturbed clusters, but only by on average ∼10%.

3 The Effects of Projection

Based on simulations of three orthogonal projections, we find that projection along the line of
sight leads to significant scatter in the observed structure of individual clusters. For example,
less than 50% of clusters which appear relaxed in one projection are truely relaxed, and 4-10% of



Figure 1: Correlation of the power ratio P3/P0 with the deviation of the hydrostatic masses from the true masses
within r500.

Figure 2: Left: TX −Mhydro (top), and YX −Mhydro (bottom) relations where the masses are calculated assuming
hydrostatic equilibrium and using the 3D spherically averaged density and temperature profiles. All quantities
are calculated within a radius of r500. Red circles show relaxed clusters, blue asterisks show disturbed clusters,
and the rest of the sample is plotted with diamonds. The selection of these subsamples was done based on the
values of P3/P0. Lines show the best-fits with the slopes fixed at self-similar for all clusters (solid line), relaxed
clusters (dashed line), and disturbed clusters (dotted line). Right: Same except that the hydrostatic masses have

been corrected based on P3/P0 for each cluster.



these “relaxed” clusters have very disturbed morphologies (for example, are undergoing major
mergers) when viewed from another angle.

4 Comparison to Observations

We do not attempt to reproduce all of the possible instrumental and observational effects, so
we limit our comparison to observations of low-redshift cluster samples which have high S/N
4,9. We find that there is no statistically significant difference in either the average power ratios
or distribution in power ratios between simulations and observations. Our simulated centroid
shifts are also similar to those found by O’Hara et al. (2006).

Visual examination reveals that the distribution of power ratios in the simulations is broader
than in observed clusters, including both clusters with higher power ratios and an extended tail
of clusters with lower power ratios. Some of this difference can be accounted for through the
addition of noise to the simulations, but it is at least partially due to incomplete gas physics
in the simulations. In particular, our results suggest the need for a reduction in the peakiness
of low mass cool cores but an increase in cooling in high mass clusters. The overall agreement
between our simulations and observations indicates the general success of both the underlying
cosmological model and the gas physics employed here, while the disagreements suggest that
cluster structure will provide a sensitive test of “gastrophysics” in simulations.

5 Discussion

In terms of cosmological studies, our results are encouraging in that cluster scaling relations like
TX − M and YX − M appear remarkably insensitive to cluster dynamical state. The biggest
source of error, as noted by previous authors 6,7,8, is that estimates of the total mass based on
the assumption of hydrostatic equilibrium are systematically low. Here we also showed that the
bias in hydrostatic mass is strongly correlated with cluster structure. We also note that the
evolution in cluster structure with redshift 2 combined with the correlation of mass error with
structure leads to increasing errors in estimates of mass and gas mass fraction with redshift. A
bias exists even if only the most relaxed clusters are chosen to normalize the scaling relations
or to measure gas mass fractions. In addition, our results strongly caution against the accuracy
that can be derived from individual clusters or small samples due to the large uncertainty in
cluster structure from projection and the very large mass errors possible for individual “relaxed”
clusters. However, we do find that cluster structure, via observable structure measures, can be
used effectively to correct the hydrostatic masses leading to unbiased mass-observable scaling
relations.
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