An XMM-Newton View of Westerlund 1
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We present the analysis of a 46 ks XMM-Newton observatiomefyoung Galactic Super Star Cluster (SSC) Westerlund 1. aMeti75 sources in the field. Five of these 75 sources areiagsbwith the

cluster. We perform a spectral analysis on the 3 brightestet sources (including the well known magnetar) and atysiseof the cluster diffuse emission. We find that the s@eatnalysis results of the

cluster sources and the diffuse emission are in agreeménpvévious Chandra studies. However, more refined spditmaing for the diffuse emission brings out a Fe EeY line, indicating a thermal origin

for the hard tail of the spectrum.

Introduction

« Initially classified as an open cluster (Westerlund, 196%sterlund 1 (Wd1) was
found to suffer from significant reddening{ ~ 12.9mag, Piatti, et al (1998)). Only
recently detailed photometric and spectroscopic analyaes been performed (Clark
and Negueruela (2002), (2004), Negueruela and Clark (2008&Yk, et al (2005),
henceforth CLO5, and Brandner et al (2008), henceforth BR0O8

CLO5 found rich populations of evolved OB stars and, usintaadard Kroupa IMF,

inferred an initial cluster mass gf 10°AZ.. The study of BRO8 however used th
intermediate and low mass population to calculate the elusiF and revised the
initial mass estimate t6.2 x 10'M/.. BRO8 also revised previous estimates of a
and distance(6(=0.7) Myr and3.55(+0.17) kpc respectively) which we adopt for ourf|
analysis.

The large number of evolved stars found by CLO5 suggests/ttit should contain
arich X-ray population and may exhibit diffuse emission. afysis of Chandra and
XMM-Newton obsevations of Wd1 have been published (Muna] ¢2006a), Muno,
et al (2006b) henceforth MUO6, Muno, et al (2007) hencefdtth07, and Clark, et al
(2008) henceforth CL08).

The XMM-Newton data have not been exploited to study the Wd4ter as such, but
only to examine a magnetar in the cluster (MUO7). The aim ofmalysis is to use the
XMM-Newton data to extract point source and diffuse emissipectra and comparej
them to those of the published Chandra analysis.

Evolutionary Stage

For a cluster as massive as Wd1 with a turn offof351/., (Clark et al., 2005) we
would expect that several supernova (SN) events have gimeadirred. Indeed, BR0O8
determine that 63 stars may have undergone a SN event. Bésisitonly one source
that results from a SN was detected in the cluster by CLO8 ghathe magnetar.

Given the turn off, Muno, et al (2006a) conclude the magriegdra progenitor of-40
M., (CLO8 infer a much larger progenitor mass of 556.,) which one would expect
would form a black hole after the SN event. However, Belckyasd Taam (2008)
show that under certain circumstances it is possible ferdirigle neutron star to form
from a massive progenitor in a binary system in the Wd1 stpti@ulation.

We would expect other objects such as High Mass X-ray BisgtMXBs) to have

formed in the cluster that would be intrinsically brightean the magnetar and henc
be detected by CL0O8. There are several reasons as to why tii$ $0. It may be that
both the stars in a potential HMXB system have undergone av@hter that the SN

event of one caused a kick velocity resulting in a wider bjranfiguration in which

a HMXB cannot develop.

Apart from the magnetar, the only objects we can expect temksin the X-ray are
the OB supergiants, Wolf Rayets, Colliding Wind Binarie$\(Bs) and low mass pre-
main sequence stars detected by CLO8.

Observations and Data Reduction

* XMM-Newton observed Wd1 on September 16th 2006$d8ks (Muno et al., 2006b)
(Obs. 1D 0404340101, Revolution 1240). We used the SAS {der.1.0) metatasks
emproc andepproc to produce calibrated event files. We then filtered the datadd
grades and good time intervals as outlined in the SAS Usezalis:

e We extracted images from all three EPIC cameras in the Be3/22-4.5keV and 4.5-
10keV energy bands and combined these to produce the false colageishown in
Figure 1.

Figure 1: False colour image of Westerlund 1 with red, grewhtziue corresponding (0 0.3V, 2-4.5keV and 4.5-10
keV energy bands respectively

e The observation is contaminated with single reflectionsfaobright source outside|
the FOV (top right of Figure 1). We find the contaminating aijis the low mass
X-ray binary 4U 1642-45.

e We applied the SAS metatastletect_chain to detect sources using data from all thref
EPIC instruments across three energy bands (&é/22-4.5keV and 4.5-7.%eV) to
improve sensitivity in the detection of foreground and hilgaabsorbed sources.

* We detect 90 sources, 7 of which are associated with the tiefleand are thus ignored.|

Afurther 8 sources were removed after visually identifyingm as spurious detection:
leaving 75 sources in the field, 5 of which are associated thi¢fcluster.

Cluster Point Sources

e Three cluster sources are bright enough to allow spectedysis. Comparing these
source postitions to those of CLO8 we find that they are:
— CXOU J164710.2-455216 - the magnetar
—WR A - WN7b star (CWB system)
—W 9 and W 30 - sgB[e] star and O9-B0.5 la star (sources unreddly XMM-
Newton)

e We extract spectra from PN, MOS1 and MOS2 data and fit themltineously in
Xspec with several models inlcuding the best fit models fourttie Chandra studies
for the corresponding sources. We find that those modelsifoyrCL08 and MUO7
best fit the extracted spectra. The spectra and best fits anensh Figure 2 with the
model parameters in Table 1.

Figure 2: (a) CXOU J164710.2-455216 spectrum and absorlaek-body fit, (b) WR A spectrum with absorbed collisionally
fonized plasma fit and (c) combined W 9 and W 30 spectrum wisiveifed thermal plasma plus absorbed collisionally ionized
plasma fit. For clarity only PN data are shown.

Table 1: Point Source Spectral Parameters

Source Name Ny W P W Wy,

T SV

47.696/44
- - 28.6575/25
3450 22638 128670/97
1Ny inunits ofL0%cm 2, KT in units ofkcV, uF inunits ofL0- Pergem 25
2 Solar abundances are assumed for all models
2 We quote unabsorbed X-ray fluxes and luminosities in the80v energy range to be consistent with the
previous works.

0.63008 -

1 uLLy inunits of 10¥ergs

e The results are in agreement with the previous studies.

Cluster Diffuse Emission

o Itis clear from Figure 1 that there is diffuse emission in ¢thester. Diffuse emission
can also be seen in the region of the single reflections. Teruéte the extent of the
cluster and reflection diffuse emission we use the Extendedic® Analysis Software
(ESAS) to create an image of the emission in the MOS1 and MAiB2sfas outlined
in the ESAS User’s Guide.

We initially ignore residual soft proton contamination ameate cheese masks to e;
clude point sources (including those sources detected IBB8Qdource list found at
http://heasarc. gsfc. nasa. gov/ VBBr owse/ chandr a/ wdlcxo. ht ni)
by excluding pixels within a 5” radius of the source posighnThe diffuse emission
image is shown in Figure 3.

Figure 3: Combined MOS1/MOS2 image of diffuse emission mfIDV. The ccds most affected by the reflection have

been omitted.

« We find that the 4U 1642-45 reflection dominates the diffuséssion towards the
right of the FOV. Because of this, we cannot determine the éxtent of the cluster
diffuse emission.

We used ESAS to generate model particle backgrounds andracespectra from
regions of interest, however we found the backgrounds toveeestimated (probably
because of photons due to the reflection being detected imeizeposed ccd corners)

Instead, guided by Figure 3, we extract backgrounds froeneghat are comparably|
as contaminated by the reflection as the cluster is. Sinsésthiot very exact, we can-|
not completely rule out contamination of any diffuse spebly the single reflections,
especially in the outer regions of the cluster.

We extract MOS1 and MOS2 spectra from the central 1’ and 1223.5' and 3.5'-5'
annuli centered on the cluster core determined by MUQ6+16 4704.3 + 0.1, §, =
-45 5059 =+ 1), shown in Figure 4. The spectra are binned so that each kia 1SN
of 5.

MUO06 find the spectra are equally well fit with an absorbed teroperature thermal
plasma (the harder component with sub-solar abundance)asorbed cool thermal
plasma plus power law due to a lack of hard emission linesaisihethe Fe 6.7keV

line at this spectral binning. We fit our spectra with the sanoelels. The spectra ar¢
shown in Figure 5 with the fit parameters in Table 2.

Figure 4: Spectral extraction regionsY’ and 12, 2'-3.5' and 3.55' annuli)
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Figure 5: Spectra and absorbed two temperature thermahplésp row) and absorbed thermal plasma plus power lawciisott
row) fts for <1’ and 1'-2", 2-3.5' and 3.5-5' annuli (left to right)

Table 2: Diffuse Spectral Parameters

TWo lemperature thermal plasma
Region KT 2/Z00 Ko Z[Zer ¥P[v Py, el

2 0627 2 30.400/52 123}
0605 2
osiy 2 3
- - i 2 3.632/33 136 103
Thermal plasma plus power law
2/2 NG 0N e UL,

7/58 43153 120

112.406/90 23245
187383 11 32075
$5.166/31 165 191

in units of keV, uFy in units of 10

Ny in units of 10%cm 2, & Sergem2s, uLy in units

of 10%%ergs

2 2/Z., for both models is fixed at 2 to be consistent with MUOG.

3 We quote unabsorbed X-ray fluxes and luminosities in th@vBenergy range to be consistent
‘with the previous works.

“In the outermost annulus, the reflection emission becomignifiant part of the background
subtracted spectrum. This was modelled with an absorbediplaw component in Xspec but
since this is poorly constrained the spectral parametstesdiabove are not reliable.

« As with MUOB, we find the spectra are well fit with either modet the two tempera-
ture thermal plasma is statistically better in the inner tegions. To assess this further
we extract spectra from the inner 2 radius region and birstieetra so that each bin
has a S/N of 3 to make any possible weak and narrow emissies firore obvious.
The MOS1 spectrum is shown in Figure 6.

Figure 6: MOS1<2' spectrum

The Fe 6.7keV emission line can now clearly be seen. Fitting this spectwith
the two temperature thermal plasma model yiels = 2.0331! x 10%2em =2, kT) =
0.68039, Z/Z1 = 2 (fixed), k7> = 3.0730; and Z/Z., = 0.62)). This suggests that

the abundance of the hot thermal plasma in the central 2gisetithan that determined
by MUO6.

Conclusions

The results from the point source analyses are in agreenignthe previous Chandra
studies.

The results from the diffuse emission analysis are in ages¢mith those of MUO6 at
comparably coarse binning of the spectra. However, whenomene the inner two
extraction regions and refine the S/N of the spectral binrtimgy Fe 6.7%eV emission
line becomes apparent. This suggests that, at least in tiee B region, the hard
component is thermal in origin, the result of either low mpss-main sequence stars
and/or thermalized winds from the most massive stars inltrster center.
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