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Measuring turbulence in clusters with
XMM-Newton RGS
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Abstract. We describe how the reflection grating spectrometers on the XMM-Newton ob-
servatory can be used to place limits on the amount of turbulence in the intracluster medium
in galaxy clusters, groups and elliptical galaxies. We find a limit on gas motions in the cen-
ter of Abell 1835 of less than 274 km s~!, equivalent to an upper limit of 13% of the thermal
energy density. Although we are limited to only examining fairly relaxed, point-like objects,
we find little evidence for strong gas motions in a sample of 62 objects. After modeling and
subtraction of the broadening due to the extent of the sources, we find five targets with a
limit of less than 200 km s~! . There is some evidence for additional motions in two of the

sample, Klemola 44 and RXJ 1347.5-1145.
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1. Introduction

Simulations of galaxy clusters in the con-
text of structure formation predict that there
should be substantial turbulence in the in-
tracluster medium (ICM) of galaxy clusters
(e.g. Vazza et al. 2009; [Lau et al. 2009).
In relaxed objects, the predicted level of en-
ergy in turbulence relative to the thermal
energy rises from ~ 5% in the cores to
20% in the outskirts. In addition, there is
widespread active galactic nuclei (AGN) feed-
back in galaxy clusters by the injection of
jets and cavities (see review of McNamara &
Nulsen| 2007). This feedback should induce
motions at the level of ~ 250km s~ (Briiggen
et al.J2005). Observationally we observe weak
shocks (Fabian et al.[2006; [Forman et al.[2007)
and sound waves in clusters (Fabian et al.
20065 ISanders & Fabianl/[2008).
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There have been several indirect measure-
ments of the amount of turbulence in cluster
cores. In the center of clusters or groups the
ICM can be optically thick in the light of reso-
nance lines. If there are gas motions the optical
depth is reduced. Therefore if resonance scat-
tering is observed, this puts an upper limit on
motions. In NGC 4636, Xu et al.|(2002) put up-
per limits on the turbulent velocity dispersion
of less than 10% of the sound speed. [Werner
et al.| (2009) also found a maximum of 5% of
energy is in turbulent motions. However, in the
Perseus cluster (Churazov et al. (2004) found
a lack of scattering, implying velocities of at
least half the sound speed. If there are such ve-
locities, they must maintain the straight mor-
phology of the Ha nebula in Perseus on scales
of 10s of kpc (Fabian et al.[2003)).

The contribution of non-thermal pressure
has also been examined by comparing optical
and X-ray gravitational profiles in M87 and
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Fig. 1. Chandra X-ray image of Abell 1835.
The X-ray emission of the cool gas is concen-
trated into a small region on the sky.

NGC 1399 (Churazov et al.l2008), and found
to be less than 10% of the thermal gas pressure.

Schuecker et al.| (2004), however, put a
minimum level of 10% of the total pressure
in turbulence in the Coma cluster, by examin-
ing the spectrum of the variations in a pressure
map. This object is likely to be a disturbed sys-
tem, and would be expected to have relatively
high levels of turbulence.

Previously, there have been no direct mea-
surements on the amount of turbulence in
the ICM. The shape of X-ray lines can
be used to determine the velocity structure
(Inogamov & Sunyaev| 2003). Unfortunately
the spectral resolution of CCD instruments
is too low to do this. We decided in in-
vestigate whether it was possible to use the
Reflection Grating Spectrometers (RGS) on
XMM-Newton to make useful constraints on
turbulence in galaxy clusters.

As the RGS are slitless spectrometers, the
spectral resolution depends on the extent of
the source on the sky. The emission lines are
broadened by A1l = (0.124/m)A8 A, where m
is the spectral order and A6 is the half energy
width of the source in arcmin (Brinkman et al.
1998)). Therefore to get the best spectral reso-
lution, point-like objects are required.

2. Abell 1835

We observed Abell 1835 (z = 0.2523) for a to-
tal of 254 ks using XMM-Newton. We describe
our analysis fully in [Sanders et al.l (2010).
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Abell 1835 is a very good source for measur-
ing line widths because it is an object that was a
good candidate for hosting a cooling flow: it is
compact (Fig.[T)), luminous (~ 2x 10¥ ergs™)
and contains cool X-ray emitting gas in its
core.

We processed the data files for our obser-
vations with sas 9.0 and combined them to-
gether using RGscoMBINE. A background was
obtained from the observation at large cross-
dispersion angles. The fluxed, background-
subtracted, combined spectrum is shown in
Fig.[2l The spectrum shows narrow Fe-L emis-
sion lines, demonstrating that the emission
comes from a small region on the sky and there
is no obvious velocity broadening.

We fitted the first and second order com-
bined spectra in xspEc 12.5.1 by minimizing
the modified C-statistic. The lines in the spec-
tral model were broadened by the thermal line
width plus an additional line-of-sight veloc-
ity added in quadrature. The abundances of
elements with strong lines in the spectral re-
gion examined (7 to 28A or 16A for the Ist
and 2nd orders, respectively) were free in the
fit and the other elements were tied to the Fe
abundance. We used the spex version 2.00.11
model, obtaining a best fitting temperature of
3.67 £ 0.16 keV. If another temperature com-
ponent is added to the model it is not strongly
required and has a temperature ~ 0.6 keV.

The best-fitting additional line width is
zero. In Fig.[3lwe show the fit statistic changes
with increasing line width. For the normal fit
(‘without rGsxsrc’), we obtain an upper limit
at the 90% confidence level on the additional
line-of-sight broadening of 274kms~'. This
value includes both the turbulent broadening
plus any contribution from the fact that source
is extended.

We can use the RGsxsrc model to try to take
account of the line broadening caused by the
spatial extent of the source. This model uses
an X-ray image of the source to calculate the
broadening, but makes the major assumption
that the spectrum of the source is position-
independent. Using this model we obtain an
upper limit of 182kms™".

This limit on the velocity can be converted
to an upper limit on the fraction of the thermal
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Fig. 2. RGS spectrum of Abell 1835. The top panel shows the fluxed spectrum plus a zoom on
the Fe-L region. Also listed are the observed and unobserved emission lines. The bottom panel
shows model thermal spectra at different temperatures.
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Fig. 3. Upper limits on the line broadening of
the Abell 1835 spectrum. Shown are the re-
sults with and without modeling the broaden-
ing caused by the extent of the source.

energy in the form of turbulence, using equa-
tion 11 in Werner et al] (2009), Vi umy/kT,

0s
where Vo, is our measured line-of-sight veloc-

ity, u is the mean particle mass, m;,, is the pro-
ton mass and k7 is the temperature. From our
most conservative upper limit on the velocity,
this implies an upper limit of 13% of the ther-
mal energy density in turbulent energy density.

3. Larger sample

We decided to see whether we could obtain ad-
ditional limits for a larger sample of objects.
In |Sanders et al.| (2011) we examined a sam-
ple of 62 clusters, groups and ellipticals. To
generate this sample we examined the XMM-
Newton archive to find observations of clus-
ters, groups and ellipticals with obvious RGS
line emission. The sample is therefore not sta-
tistically complete or rigorous and is biased to-
wards bright relaxed objects with cool cores.
For these observations we automated the
download, processing and fitting of the spec-
tra, and the combination of multiple obser-
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Fig. 4. Upper limits at the 90% level on the broadening for the sample of clusters. Some targets
have been fitted with models using two temperature components.

vations of the same targets. The spectra for
the targets were fit in a similar way to the
Abell 1835 data, using a background extracted
locally from each dataset. The spectra were fit
with the apec 1.3.1 spectral model (Smith et al.
2001). We obtained best fitting line broaden-
ing, temperatures, metallicities, emission mea-
sures and Galactic absorbing column densities.
We used a second thermal component when
the fits were significantly improved by its ad-
dition. Some datasets were extremely line-rich
and showed little continua. For those we fixed
the Fe metallicity to the solar value in order to
constrain the ratio of the other elements to Fe.

We show in Fig. [ the upper limits on the
broadening for our sample of objects. These
limits were calculated by varying the broad-
ening in order to give a change in fit statistic
of 2.71. We tested this method using Markov
Chain Monte Carlo (MCMC) in xsPEc to cal-
culate the probability of the parameter values
given the data.

We find five objects with limits on
the broadening of less than 500kms~!.
Unfortunately none of the targets improve on
the limit for Abell 1835. There are an addi-
tional two targets below 500kms~! when two
temperature components are used. Half of the
targets have a limit of less than 700 km s7!, al-
though our sample is biased to relaxed objects.

Shown in the top panel of Fig. [3 are the
limits we obtain as a function of the temper-
ature of the object from the spectral fit to the
RGS spectrum (which is weighted towards the
center of the source). Note that this plot should
not be used to infer the distribution of veloci-
ties as a function of temperature as our sample
is biased. We also include on this plot lines of
constant fractions of turbulent to thermal en-
ergy density.

We decided to subtract the contribution
to the line width from the spatial extents of
the sources. Rather than use a model such as
RGSXsRCc which assumes that the spectrum of
the source is position-independent, we mod-
eled source spectra using Chandra imaging
spectroscopy results, and subtracted this con-
tribution from the values measured from the
real spectra.

For this analysis, we created Chandra tem-
perature, metallicity and emission measure
maps for around half the objects in the sample.
We developed an automated Chandra spectral
mapping tool. The Contour Binning algorithm
(Sanders| 2006) selected regions with similar
surface brightness containing a minimum sig-
nal to noise ratio. Spectra were extracted from
these regions. The spectra were fit with an ApEc
model assuming solar relative abundances.

We took these maps and simulated deep ex-
posures for each spatial bin. The RGSRMFGEN
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Fig.5. 90% confidence level limits for our
sample as a function of RGS temperature, be-
fore (top) and after (bottom) subtraction of the
contribution from the spatial extent. We add a
50kms~! systematic to the limits for the sub-
tracted data points.

program was used to create a response matrix
given the distribution of the bin in terms of
the dispersion direction. We then used XxSPEc to
simulate the spectra for that bin, assuming so-
lar relative abundances. The spectra were then
added for all the bins (repeating the simula-
tions for both RGS instruments, and using an
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exposure time 100 times greater than the real
exposure times).

The bottom panel of Fig. [5] shows the ef-
fect of subtracting the line widths measured
from the simulated spectra. We add an addi-
tional 50kms~! systematic uncertainty due to
the calibration uncertainty of the line spread
functions of the RGS instruments. We find six
targets with less turbulence than 5% of the
thermal energy. The clusters Zw3146, A496,
A1795, A2204 and HCG62 show broadening
of less than 200 kms~! .

We found two objects with evidence for
broadening: Klemola 44 and RXJ1347.5-
1145. The broadening for Klemola 44 is
1300kms™! (3.6% probability of occurring by
chance), and 840kms~! (with a 6% proba-
bility of chance). The significance of the re-
sults improve if a MCMC analysis is done.
Both of these objects are likely to be unre-
laxed. Klemola 44 has a disturbed morphology
and lacks a strong central peak or cool core. It
also has different populations of velocity in the
galaxies (Green et al.|[1990). RX J1347.5-1145
is likely to have recently undergone a merger
(e.g./Allen et al.l2002), as seen from a hot re-
gion near the core of the cluster.

4. Future work

Some targets in our sample show redshifts
which are substantially different from the opti-
cal redshift of the source. It will be interesting
to see whether there is any other evidence for
bulk flows in these objects.

As our best limits are obtained for the most
point-like cool-core targets, we have proposed
XMM should observe a sample of clusters cho-
sen to be spatially compact, bright, and have
cool X-ray emitting gas in their cores. We
have obtained time on four of these targets.
An analysis of the data from one of these tar-
gets, MACS 2229 (Fig.[d), shows a limit on the
broadening of 280 km s~!, without any sub-
traction of the spatial broadening component.

Our modeling of the spatial broadening is
relatively simplistic. We do not take account
of the uncertainty in the distribution of the
ICM properties from the Chandra mapping.
A MCMC analysis (e.g. [Peterson et al.[2007)
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Fig. 6. Chandra X-ray image of MACS J2229.7-2755 (left) and 60 ks RGS spectrum from our

current program of observations (right).

could take account of these uncertainties. In
addition, improvements to the RGS line spread
function calibration would reduce the uncer-
tainties in the analysis.

The launch of the ASTRO-H observatory
in 2014, with its spectral resolution of at least
7 eV, promises exciting results. It will be able
to probe the velocity structure in the Fe-K lines
over a much wider range of targets than we
have been able to examine.

5. Conclusions

We have shown that the XMM RGS instru-
ments can provide useful limits or even mea-
surements of the amount of turbulence in the
cores of fairly relaxed clusters. For all but two
of the clusters examined we find no evidence
for strong turbulence.

Acknowledgements. 1 thank Andy Fabian, Randall
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