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ABSTRACT

We presented the results of an analysis of f&HM-Newton observations of the
starburst galaxy IC342 taken over a four-year span from 20005, with an em-
phasis on investigating the long-term flux and spectralamlity of the X-ray point
sources. We detected a total of 61 X-ray sources withincZ® of the galaxy down
to a luminosity of(1-2) x 103" erg s* depending on the local background. We found
that 39 of the 61 detected sources showed long-term vatjaliil which 26 of them
were classified as X-ray transients. We also found 19 sowxdgbiting variations in
hardness ratios or undergoing spectral transitions ambsegreations, and were iden-
tified as spectral variables. In particular, 8 of the ideatifX-ray transients showed
spectral variability in addition to flux variability. The\dirse patterns of variability
observed is indicative of a population of X-ray binaries. Mged X-ray colors, flux
and spectral variability, and in some cases the opticaldioreounterparts to classify
the detected X-ray sources into several stellar populstigve identified a total of 11
foreground stars, 1 supersoft sources (SSS), 3 quasisoftes(QSS), and 2 super-
nova remnants (SNR). The identified SSS/QSS are located neartbe spiral arms,
associate with young stellar populations; the 2 SNR are chkrge to the starburst
nucleus where current star formation activities are dotesha\We also discovered a
spectral change in the nuclear source of IC342 for the first th;ma series of X-ray
spectrum analysis.

Subject headings: galaxies: individual (IC342) — X-rays: galaxies — galaxietar-
burst



1. INTRODUCTION

IC342 is a nearby (1.8Mpc; see Buta & McCall 1999 for a reviewg-lgpe Sc/Scd galaxy
in the Maffei Group which is one of the closest groups to oula8®a Its spiral arms are well
developed and are almost face-0r=(25° + 3°; INewton 1980). Its active star formation activities
in the nuclear region has made it a popular target for inffared submillimeter observations
(e.g..Boker, van der Marel, & Vacca 1999, Meier & Turner Z009hese observations revealed
that the physical properties of molecular clouds, the meflauminosity, and the presence of a
nuclear stellar cluster in IC342 are similar to the Milky Waymany ways (Schinnerer etal. 2003;
Schulz et al. 2001). Its proximity and its orientation pd®ia unique possibility to study the X-
ray sources in IC342 from a very favorable viewing angle. Orgomdrawback of X-ray study
is that this galaxy is located near the galactic pldne (L0.6°) and has a large absorptioN{ =
3 x 10?1 cmi?) towards the Galactic center (Stark etlal. 1992). This Bmi$ to constrain local
absorption and determine X-ray emission below 1 keV. On therdhand, IC342 has been studied
in the X-ray with many missions sindénstein. With the advent of high angular resolution and
high sensitivity instruments such &andra and XMM-Newton it is possible to study the X-ray
source population in depth.

The first X-ray observation of IC342 frofinstein (Fabbiano & Trinchier| 1987) showed
that the X-ray emission was dominated by three ultralumsnétray sources (ULXs) which had
luminosities above ¥ ergs?! (named X-1, X-2, and X-3 based on designations of Okada et al.
1998). SubsequemROSAT HRI observation in 1991 revealed seven additional pointEsiin
the disk with a detection limit off g 1-2 skev ~ 2 x 103’ erg s (Bregman et al. 1993). TWASCA
observations taken in 1993 and 2000 on X-1 and X-2 (Okada @©88; Kubota et al. 2002)
showed that both X-1 and X-2 exhibited spectral and intgriséinsitions which resembled the
spectral/intensity states of X-ray transients in our Gald¢ong (2003) and Bauer etlal. (2003)
presented the result from a 20MM-Newton 10 ks observation and both reported detections
of about 35 sources. The slope of the X-ray luminosity fuorctivas found to be- 0.5 in both
studies, suggesting the X-ray population of IC342 was ctersisvith other starburst galaxies
and Galactic HMXBs. A detailed analysis on t@eandra HRC-I image observed in 2006 was
presented in Mak et al. (2008) in which the nuclear X-ray seyX-3) was found to be spatially
coincident with a nuclear stellar cluster which had beemtified in earlier optical and infrared
observations (e.g. Boker et al. 1999). Thus they proposdditkeasource was not an ULX and
was instead associated with starburst activities, togetita the possibility of an embedded low
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luminosity AGN in the nuclear stellar cluster.

X-ray observations of our own Galaxy revealed a diverse [adjon of sources, including low-
mass X-ray binaries (LMXBs), high-mass X-ray binaries (HMXBand a few young supernova
remnants (SNRs) that show various kinds of variability (Fabb2006). Variability on flux and
spectral properties are useful for characterization ofeimesssion mechanism of X-ray sources.
However, not much work had been done on the long-term véitiabf the X-ray sources in IC342
though there were multiple epochs over the previous twodksaRecently IC342 was observed
four times withXMM-Newton between 2001 and 2005, and five times v@thandra between 2002
and 2006. Therefore, we made use of archkMIM-Newton observations which spanned a period
of four years to study the nature of the X-ray population in423

In this paper, we present the source catalog and sourcerpespie the fourXMM-Newton
observations. The observation and the data reduction guoes of the X-ray data are presented
in Sectior 2. In Sectionl 3, the analysis of the data, inclgdiource detection, photometry, com-
putation of hardness ratios of the X-ray sources are desttrilm Sectioh 4, we present the results
of the identification and variability properties of the dete=l X-ray sources. We finally discuss the
global X-ray source population in IC342, with detailed dg#@ns of several bright individual
sources in Sectidd 5.

2. OBSERVATIONS AND DATA REDUCTION

IC342 was observed with the European Photon Imaging Camen&)ER boardXMM-
Newton four times from 2001 to 2005. The instrument modes wereffalhhe with medium optical
blocking filter for the EPIC-PN and the two EPIC-MOS camera. @bgervation in 2001 was part
of a multi-wavelength campaign to study star formationtitis of IC 342 and the aimpoint was at
the nuclear region. The three subsequent observationgmate to study the ULXs in IC 342 with
two long observations in 20044, > 20 ks) aiming at X-1 and one short observati®gg~ 6 ks)
aiming at X-2 in 2005. These observations covered the egdilaxy with a circular field of view
of 30 diameter. Since the field of view of these observations apged and were made at various
aimpoints, the total region covered was abolit330. Therefore sources at the outer edges of the
CCD might not be observable in all four exposures. A summarhede observations was listed
in Table[1. Even though the 2001 February observation haddjrbeen studied in detail by Kong
(2003) and Bauer et al. (2003), for for consistency we indluid@lso in our present analysis and
reanalysed it whenever necessary.

The event files were filtered and reprocessed usingihil-Newton Sciences Analysis Sys-
tem (SAS v7.1.0). Time intervals contaminated by soft-notiares were identified using the



background light curves in the 10 keV band. High background level with count rate over 02 cp
for MOS and 1.0 cps for EPIC-PN were excluded and the good tieevals (GTI) were obtained
for each observation which ranged from 5.6 to 23.6 ks. Theltieg GTI of the two observations

in 2004, with exposure time over 20 ks for each MOS camera, roughly double those of the 2001
and 2005 data. Therefore the sensitivity of the 2004 obsensawere expected to be higher and
fainter sources could be detected. We selected only goaut @agterns for imaging< 12 for
MOS and< 4 for PN, and restricted our analysis in the energy rangel@ XeV. These filtered
event files were then used for data analysis using HEAso#t a6d XSPEC v12.4.

3. ANALYSIS
3.1. Source Detection and Astrometry

Source detection using maximum likelihood fitting was doimeustaneously on each of the
EPIC-PN, MOS1, and MOS2 image in the three energy bands:Sok2—1.0 keV), medium (M;
1.0-2.0 keV), and hard (H; 2.0-12.0 keV), using the SAS td3EEHECT_CHAIN. A likelihood
value of 10 was used, corresponding to a significance lev@@f. The outputs from EDE-
TECT_CHAIN were inspected for spurious sources at the edgg@daunndaries between chips.
To generate the final source list, we imposed two additioelaicsion criteria for sources detected
by EDETECT_CHAIN for a source to be confirmed as a true detedtibsatisfied either one of
the followings: First, the source had to be detected in a&ttleae additional observation within a
searching radius of'® second, if the source was detected in only one observatiers/N of the
source had to be greater than 5 in that detection. Theseiantere applied to all observations,
except for the 2001 February observation in which the s@ui@mend by EDETECT _CHAIN were
consistent with the source listlin Kong (2003) and Bauer €Pal03) and thus we just adopted the
source list in Kong (2003) for this observation. About oniedlof the sources detected in the four
observations were eliminated by these criteria.

Using this algorithm, we found 37, 43, 51, and 30 sourceséndifiservation taken in 2001
February, 2004 February, 2004 August, and 2005 Februagpgcégely. Combining the individual
source lists, we identified a total of 61 sources in our finab}{-catalog. As a cross check, we
compared the sources detected by the EDETECT_CHAIN softweé8AS with those detected by
the WAVDETECT task of CIAO/(Freeman et/al. 2002), running on agad MOS+PN image with
a significance threshold ofx110°6. Most sources that were detected with EDETECT_CHAIN in
the final catalog could also be detected by WAVDETECT, excepsburces 1, 2, and 53 which
were only detected with EDETECT_CHAIN in the longest exposiata (2004 Auguest). It is
possible that they are spurious sources due to peculiatr gmi@ad function features or the presence



out-of-time event signatures _(Argiroffi et'al. 2006). On thtber hand, these sources might be
transients that could be detected during limited periodvéler, the fact that the three sources are
all observed only in the deepest observations could sim@gmthat they were below detection

limit in the other exposures. Therefore we consider theneakdetections.

The absolute astrometry of source positions are limitediayfactors. Firstly, the aspect so-
lution of XMM-Newton is accurate ta= 4”. Second, the systematic shifts among the observations
made it possible that source detection processes run areiiff bands and observations might give
slightly offset centroids for the same source. In order tiedrine source positions, we first cre-
ated a single-stacked image by aligning the four obsemsiio the coordinate frame of the 2004
February image. Eight bright X-ray sources common to ali dats within 10of the aimpoint were
selected for the alignment purpose. The relative shifteséen these exposures were determined
using the IRAF task CCMAP. The cross registration gave a rmsracgwf Q8”. Positions of the
61 discrete sources in our final X-ray catalog were then deterd in the aligned single-stacked
image with WAVDETECT. The positional errors from WAVDETECTned as the off-axis angle
from the center of the image, with sources at the outer eda@andplarger errors up td’2and these
were tabulated in Tablg 2. We attemped to improve the astioraecuracy by cross-correlating
the output X-ray positions from WAVDETECT with the optical N&-B1.0 (Monet et al. 2003)
and near IR 2MASS (Cutri et al. 2003) catalogs. We identifieXX2&y sources with optical coun-
terparts and 16 having near IR counterparts, using a searcadius of 8. We selected 7 X-ray
sources which possessed consistent and high S/N opticatarparts in at least three observa-
tions, to correct for the astrometry of the X-ray images Wit optical positions using the IRAF
CCMAP task. The average astrometic rms wef1and 114" in RA and DEC respectively. The
positions listed in Tablel2 and throughout this paper aredas this astrometric reference.

The spatial distribution of the X-ray sources in IC 342 is aoiform. The majority of the
sources detected are located on the spiral arms of the géfeggyre[1). The 17 sources that are
outside theD,5 disk (D ~ 21.4',|de Vaucouleurs et al. 1992) of IC342 are most likely to be @it
inated by foreground or background objects. To estimatatmeber of background objects within
the Dos disk, we used th€handra Deep Field data (Brandt etial. 2001) and concluded that there
were about 10 background sources based on a detection finfiit & 2.7 x 101*ergcm?s™?,
corresponding to 23% of the total number of sources insideDiy disk. This number is con-
sistent with the result by Bauer et al. (2003) (7—12 based erd#tection limit offx ~ 1.0 x
101*ergcm?s™1) but higher than that by Kong (2003%(3 based on the completeness limit of
fx ~ 7.7 x 10 ergcm?s™). The difference in the number of background sources egtiina
from these two groups is probably due to the use of differemtlfinit values.



3.2. Cross-correlation with X-ray catalogs

We performed a systematic cross-correlation with exist®@42 catalogs from other X-ray
missions includingeinstein, ROSAT, Chandra, as well as previouXMM-Newton publications.
Source identification are compared with this new catalogdvyiag the searching radius according
to the spatial resolution of the corresponding X-ray insteats. The results were listed in Table 3.
The 3 brightest X-ray sources in IC342 ULX-1, ULX-2, ULX-3,dirdetected b¥instein, were
also detected by the curreKMM-Newton observations. For thBROSAT sources, all except R2
(designation from Bregman et al. 1993) were detected in ouentiXMM-Newton observations.
R2 was the faintest source in tROSAT observation with only 14 +5.5 counts in the 0.1-2.5 keV
range, suggesting that it might be too faint to be detectedimmbservations and was thus excluded
in our source detection algorithm. We found 21 of &iiM-Newton sources to have counterparts
in theChandra HRC-I catalogl(Mak et al. 2008). Four of tiéhandra sources were not detected in
our XMM-Newton observations: two (C10, C13; designation from Mak et al. 2@&pem were
located close to the nucleus and were not resolved iXXiM&-Newton data; one (C20, probably
a foreground star) of them was outside the field of view; amrdrémaining one (C19) was either
below the detection limit cKMM-Newton or might be a variable. We also recovered all X\M-
Newton sources previously listed in Bauer et al. (2003) and Kong ¥2@0at was based on the
2001 February observation. The sources lists in both wokk® wery similar, with Kong (2003)
listing two more sources than Bauer et al. (2003). The X-rayperties, including color-color
diagram, spectral fits of bright sources, of the 2001 Felgroaservation analyzed in our work
were consistent with these two references.

There were 22XMM-Newton sources that were not detected in previ&isstein, ROSAT,
and evenChandra observations, presumably because they were below thetidetdimit or not
resolved by these instruments. It is worth noting thatXBvi-Newton observations in the present
analysis should reach the lowest flux level. For examplegettposure time of the 2004 August
XMM-Newton observation at 23.6 ks was a factorof2 times longer than th€handra HRC-I
observation, and 20% longer than fRBSAT observation. Nevertheless, it is possible that these 22
sources might be variables and were thus not observed ilopgeX-ray data. As we will discuss
later in sectio 4]1, 14 of these 22 sources were classifiadr@@bles and/or X-ray transients.
For example, source 45 was detected in both the 2004 obssrvatnd became very luminous,
with Ly = 4.9 x 10°8erg s, but it was dimmer than the detection limit in the 2005 Febyua
observation. These comparisons helped to identify the-terng variability of the X-ray sources.



3.3. Photometry

There are two methods to perform photometry on the X-ray esagne with the SASDAS
task EMLDETECT specifically designed for analyzing tkieIM-Newton data and another one
with the CIAO task DMEXTRACT that is compatible with boKMM-Newton andChandra data.
The count rates and fluxes from the output of EMLDETECT haventweerected for vignetting
and instrumental PSF that account for the variation actos<ICD before they are background
subtracted. However, there is a limitation in using thisl toodetermine the net source counts
since we do not have detailed knowledge of the backgrounttastilon and exposure correction
implemented within the tool (M. Ehle, private communicalio Therefore some of these source
count rates could possibly be contaminated by nearby ssimagowded regions (e.g. the center
of IC342). On the other hand, the net source count generaigdtfre task DMEXTRACT do not
suffer from this problem. As a result, the net source courgsevdetermined by DMEXTRACT
while the count rates and fluxes were determined by EMLDETHECHis work.

The X-ray fluxes of individual sources were determined irhealzservation, even when the
source was below the detection limit in that particular dsg  This was done by running the
SASDAS task EMLDETECT with the final position of each sourceaasnput parameter (by set-
ting fitposition=no) and setting the detection thresholdzd&he aperture sizes were automatically
determined by the maximum likelihood PSF fitting algorithRurthermore, to convert the count
rates to fluxes, we used the energy conversion factors (EG&)lated using WEBPIMMS by
assuming an absorbed power-law spectrum with a photon iafiéxand an absorption column
density of 8x 10?1cm™ (typical for X-ray Binaries; Kon@ 2003). The resulting ECFw@s$ were
listed in Tabld % and were used as input parameters for EMUBEI This power-law model was
used since the X-ray population is dominated by X-ray Birgaaed the fact that hardness ratios
of most sources in IC342 are consistent with such model (edti@{3.4). For non-detections, we
determined the @ upper limit of the flux and luminosity of the sources assunardistance of 1.8
Mpc to 1IC342.

To extract source counts, we produced mosaiced X-ray im@geseach observations that
combined data from the three EPIC cameras in the full batidwied by normalization using the
exposure maps created from the SAS tool EEXPMAP. We extidhtesource counts via aperture
photometry and varied the aperture size for each sourcesllms their off-axis angle in order
to match the 90% encircled energy function. The extractaxhi were smaller near the aimpoint
where the PSFs were well defined and bigger at larger offage where the spatial resolution
was poorer. The net counts for each of the three bands list@dhle[2 are the sum from the 4
observations.



3.4. Hardness Ratio

Most of the X-ray sources in IC342 are faint with fewer than 26Qnts in each observation,
which makes it difficult to derive accurate spectral pararsetHardness ratios can provide crude
indications of the X-ray spectra in these cases. We comphesbardness ratios for each detected
source, based on the source counts in sgftrfiedium M), and hard ) bands. Following the
convention in_Kong!(2003), we computed two hardness ragfimed aHRL = (M-S)/(M +9)
andHR2 = (H-S)/(H +9S). Table[2 lists the average values for both HR1 and HR2 over the
four observations for each detected sources. Figure 2 stiwvsolor-color diagram (CD) for
all detected sources. We also checked the CD for each of theohmervations individually and
found that they were similar. In particular, the CD from th®2@ata is consistent with the results
of Kong (2003). We overlaid on the CD six lines showing the ksafollowed by representative
spectral models with different valuesf;: power-law models with power-law indéx= 1.2, 1.7,

2, and 3; Raymond-Smith model witTrs = 0.5 keV, blackbody model witlkTgg = 0.1 keV.
For each modelNy varied from left to right with 3< 10?cm™, 5 x 10?lcm™, and 16%cm 2.
The power-law spectra tend to occupy the upper right regfoime CD while the soft thermal
models tend to occupy the lower left region. Typical X-rapdiies or AGNs with power-law
spectrum would most likely be located at the upper rightaegvhile supersoft sources (SSS)
having blackbody spectra &figg ~ 0.1 keV would occupy at the lower left.

The X-ray sources in IC342 are dominated by sources emittimgeplaw spectra, with only
a few of them compatible with thermal spectra. These sowibssoft X-ray emission could pos-
sibly be supersoft X-ray sources, supernova remnantsyegrfound stars. This trend is consistent
in all the four datasets as shown in their individual CDs. TdHher classify theXMM-Newton
sources into subcategories such as foreground stars, SMRS38, we employed the hardness
ratio selection algorithm by Misanovic et al. (2006) for fleeeground star and SNR classifica-
tion, and that of Di Stefano & Kong (2003b) for SSS and Qudssaurces (QSS) classification.
Since the definition of the hardness ratios employed in thebBcations are slightly different from
our chosen energy bands, we computed the corresponding HBsuased for each classification
scheme. Detailed results will be discussed below in Seign

4. Results
4.1. Flux Variability

The fourXMM-Newton observations analysed in this work spanned a period of fears/from
2001 to 2005, allowing us to study the long-term X-ray vaitigbof these sources. Following the
definitions by Primini, Forman, & Jones (1993), we computdtla variability parameteiSyx
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defined as

Sux = M ) (1)

O-Emax+0|%min

whereFnax and Fy,in are the maximum and minimum X-ray full-band fluxes of the fobser-
vations withoZ . and o—émin as their corresponding errors. A source is defined to be a flux
variable if §y,x > 3 and is marked with "f" in the last column of Talile 2. If the mmim flux
is a non-detection (i.e. SAY5), we used the 3 flux upper limit to calculate the lower limit
of the variability factor. Since most of the sources in ouratty have low number of counts
with nonzero background, we employed the Bayesian appraaciltulate the @ flux upper
limit (Kraft, Burrows, & Nousek 1991).

Long-term X-ray flux variability were detected for 39 out df 6ources , representing 64%
of the total. Of these, 29 sources varied in flux by more thaaceof of two (i.e.Fmax/Fmin > 2).
The maximum amount of variabiliy corresponds3gy ~ 60. We plotted the relation between the
average offset from the galactic center and the varialf#icfor of each source in Figuré 3. It is
noted that most of the strong variables are located betwe&nr 7', corresponding roughly to the
region of the spiral arms, hinting that these sources areeiddocated within the galaxy and are
not foreground or background sources.

We have also adopted the criteria of Kong etial. (2002b) tochefar X-ray transients which
are defined as sources: (1) having flux variability facdgqi > 3, and (2) found in at least one
observation withLyx > 103’ ergs! and was not detected (i.e. source counts are below ¢he 3
detection threshold) in at least one other observation.lTinéosity limit covers typical outburst
luminosities of soft X-ray transients and Be/X-ray binarieour Galaxy. A total of 26 X-ray
transients are detected (about 43% of the total 61) and ardeschavith "t" in Table 2. About half
of these transients were bright during their high sthge> 3 x 10°” erg §1, the brightest of which
(source 36) hasx = 4.9 x 10°8erg s, meaning that the source had brightened by a factor of
> 50.

We plotted the long-term.B—10 keV light curves for the three ULXs (sources 19, 25, 38)
and one bright source (source 17) in Figure 4. A distance td2C8 1.8 Mpc was assumed and
the luminosities were not corrected for absorption alorgylihe of sight. The baselines of the
light curves were extended by adding data points from th& F3EAT HRI results and the 2006
Chandra HRC-I observations. These data were extracted from the arehid were reanalyzed
using standard pipeline procedures of the correspondstguiments. The derived luminosities in
this work cannot be compared directly with the previouslplmined ones because of the different
assumptions made in those works. For example, luminosityegan the earlieASCA andROSAT
publications were computed assuming a distance to IC 342%Mc instead of the 1.8 Mpc
assumed here. We recalculated luminosities of all sounwes &ll observations by assuming



the same energy range, spectral model, and assumed disthii€e342. Identical extraction
aperture for each source had been used inXiid1-Newton, ROSAT, and Chandra data, which

was reliable for source 17, 19, and 25. However, with souBé8ated in the crowded region
near the center of IC 342, it suffers from contamination crbg sources as well as the diffuse
background of the center. Using & 15’ circular aperture centered on source 38, it was estimated
that roughly 40% of source counts were contaminated by tiné $aurce C13| (Mak et al. 2008)
which was unresolved in oMM-Newton images, and the local background when compared to
the photometry obtained by Mak et al. (2008). This suggésiisthe flux values estimated for this
source fromXMM-Newton and ROSAT data are overestimated due to their larger PSF and as a
result we should keep that in mind while examining its lighitve.

The flux values plotted in Figuig 4 were obtained from spééitsato the four observations
using XSPEC. For consistency, the fluxes of the f§htM-Newton observations of each sources
were derived from the same spectral model with identicat-beg parameters (Tablg 8). On
the other hand, with no spectral information in R@SAT HRI andChandra HRC-I observations,
the fluxes were instead estimated using PIMMS using spquraimeters averaged from the four
XMM-Newton observations. With the exception of source 38 which is kntwime a spectral vari-
able (see Sectidn 4.2), the spectral parameters of sourcd®land 25 do not vary much among
the four observations and thus the uncertainties in thevgl@handra and ROSAT fluxes from
these parameters for each source is small or negligible séimce 38, th&€handra and ROSAT
fluxes derived from the four sets of spectral parametersdusie power-law + blackbody + gaus-
sian model) vary by a factor e 1.3. The implied flux ranges were accounted for in the error bars
while the average value was plotted as the data point of itg-term light curve. For the other
three sources in Figuté 4, the error bars in the light curee€handra and ROSAT data points
are dominated by poisson errors in the counts, while thoséMiM-Newton data points ared
gaussian confidence limits from XSPEC. It should also be nibt@dcomparisons of luminosities
between different instruments should be treated with oautiecause various factors (e.g. cross-
calibration issues and uncertainties in instrument respem@nd in assumed spectral shapes for
energy conversions) could possibly contribute to the srrBrevious studies indicated that varia-
tions of normalized flux in different X-ray instruments wesrmall, at a level of+10% (Snowden
2002), and thus were not expected to account for all the fluakb#ity observed.

4.2. X-ray Spectral Analysis and Spectral Variability

We searched for spectral variability of adiMM-Newton sources using two methods. We first
inspected changes in the best-fit spectral shapes and/sumeeahanges in the best-fit parameters.
Similar measurements of spectral variability had been bge@rimm et al. [(2007) to search for
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spectra variables in M33. However, this could only be donebfight sources that possessed
enough source counts for reliable spectral fits. Second,deptad a spectral variability factor
analogous to the flux variability factor described in Set#al, with flux in equatior (1) replaced
by the hardness ratios. A source is defined to be a spectiabl@if Sspectra> 3. This method
could be performed on all sources, including the faintestson

4.2.1. Spectral Fitting

We extracted the energy spectra of the 11 brightest souroesdll our fourXMM-Newton
catalog with the SAS task XMMSELECT. These 11 sources induit®se that were highly
variable in flux or spectral. Response matrices were cregteRIMFGEN and ARFGEN while
y2 statistics was used to find the best-fitting parameters. We tfied simple absorbed one-
component models including power-law, blackbody, multcalisk black-body (diskbb model in
XSPEC; Mitsuda et al. 1984), Raymond-Smith (RS), Eﬁ«l@d broken power-law models. For
a few cases two-component models were attempted when siogiponent model did not gener-
ate satisfactory fits. Spectra from the thidM-Newton detectors were fitted simultaneously for
each source, allowing only an overall normalization fattovary among detectors to account for
differences in calibration.

The spectra of these 11 sources were satisfactorily fittékd simple absorbed power-law
models, except for source 27 (SNR candidate), 36, and 38 (itlear source). The best fit spectral
parameters are listed in Talile 8. The beshfitranges from B x 10?lcm™ to 2.5 x 10%%cm?,
with an average value of 8x 10?lcm™2, while the photon index varies between 0.47 and 3.52. In
general, at least 1000 detected counts were needed toyalelriout competing spectral models.
In spite of this, the deduced fluxes do not vary significanthoag different spectral models and
thus it is possible to derive X-ray luminosities and studyggderm flux variabilities. Detailed
fitting result of three brightest X-ray sources (sourcesZH),38) and the SNR candidate (source
27) will be discussed below in detail in sectlon]5.2.

Five sources (19, 23, 24, 25, 38) were classified to be speetriables based on spectral
fits. For sources 19 and 25, their spectra shapes changeficsigily not only among the four
XMM-Newton observations, but also over the past 10 years when comparpeviousASCA
observations. The changes are reminiscent of spectraliticars of black hole binaries (BHBS)
which usually vary between the high/soft and the low/haadest For source 38, the spectrum in

3The typical scenario involved thermal X-rays from the inne¥gion of an accretion disk in a
black-hole binary illuminating in-falling matter in closeroximity to the black-hole event horizon.
(http://heasarc.nasa.gov/xanadu/xspec/manual/X SiBoaehtml)

11



2001 was significantly different from the other three withagegker photon index at energy above
1 keV. We shall discuss in detail the X-ray properties of ¢hksee sources in Section b.2. The
fitted spectral parameters of these five sources all showbildy at the 90% confidence level
(corresponding to a 2.766confidence limit). For example, the power-law fits of sourddd the
2004 February and 2004 August data resulted in a change tdphulexAl' = 2.4, implying a
photon index change at more than 99% confidence level (gonesng to a 3 confidence limit).
The power-law + MEKAL fits to data of source 38 also showed adref decreasing photon index
(AT = 1.3) and increasing plasma temperatutk{ ~ 0.37) at the 90% confidence level.

4.2.2. Soectral Variability Factor Spectral

We define two spectral variability facto8pectraiby replacing the flux with HR1 and HR2 in
equation[(ll). High spectral variability witBpectra> 3 in either HR1 and HR2 was detected only
in three of the sources (source 19, 36, 41) in which two (1936)chad already been classified
as spectral variables from spectral fits. An alternativehmeto search for spectral variable is to
study the color-luminosity diagrams. We inspected the reliminosity diagrams of all sources
and found that 15 of them exhibited significant spectralditeons in different patterns. Five of
them (source 20, 32, 40, 45, and 51) showed typical spectre\bor reminiscent of Galactic X-
ray BHBs which were seen as having negative slopes in the ploesof them (source 52) showed
correlation between lower luminosity and decreasing hesdneight of them (source 9, 16, 27,
30, 34, 40, 43, 55, 56) showed more complicated behavior demwvent several transitions; one
of them (source 38) varied spectrally but not in intensitys @result, a total of 19 sources, or
~ 30%, were classified as spectral variables under thesei@rded they were marked with "s"
in Table[2. Spectral variability seen in X-ray sources is own in external galaxies. Zezas et al.
(2006) found 21 out of 120 X-ray sources,18%, in the Antennae show signs of variability in
hardness ratios while Fridriksson et al. (2008) found thatof 90 and 3 out of 38 X-ray sources
in NGC 6946 and NGC 4485/4490 respectively show significamjvariability in the hardness
ratios as defined similarly in this work. It is also noted tiviile these galaxies, just like 1C342,
are starburst galaxies, the fraction of spectral variabiegdentified in IC342 is higher than these
galaxies.

4.3. ldentifications of X-ray Sources

Using properties of the detected sources (e.g. HR, vartigldlind cross-correlating them with
catalogs at other wavelengths, we attempted to classifyoalices in our X-ray catalog into dif-
ferent classes of X-ray emitting objects. We varied the@deag radius according to the accuracy
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of the various catalogs and visual inspection was perfortonednfirm the spatial coincidence of
a counterpart. A summary of our classification scheme iseptesl in Tabl€]5 and the results of
the source identification are listed in Table 7. We brieflylaikpthe classification of each type of
objects below.

4.3.1. Supersoft sources and Quasisoft sources

Supersoft X-ray sources (SSS) are characterized by thigiXgay emissions, which can be
represented by blackbody spectrum vikith< 100 eV, and with X-ray luminosities of 2638 erg st
(Di Stefano & Kong 2003a). These sources show little or naX-emission above 1-2 keV, and
are generally believed to be binary systems with white dsvactreting from more massive hydro-
gen burning donors (van den Heuvel et al. 1992). Some of thew significant variabilities on
various time scales, while some other have been found to dagrent transients (Greiner et al.
2004;|Di Stefano et al. 2004; Kong & Di Stefano 2003; Osboired/e2001). Quasisoft X-ray
sources (QSSs) are luminous, (> 10%%erg st, kT between 120 eV and 350 eV) X-ray sources
emitting few or no photons at energy above 2 keV yet clearlijterg at above 1.1 ke\ (Di Stefano & Kong
2003b; Di Stefano & Kong 2004). They also suggested that ibiaserve a hot SSS located be-
hind a large gas column, just like the case of Galactic ceptetons in the medium energy band
(1.1-2 keV) would be detected, while only few soft photonsilddbe detected. These sources
might be the hottest nuclear burning white dwarf binaried eould possibly be progenitors of
Type la supernovae, and SNRs.

Since most sources in our catalog had too few photons (ceu2®0) for meaningful spec-
tral fitting, we employed the selection algorithm for SSS &5 defined by Di Stefano & Kong
(2003b, fig.3) based mainly on hardness ratios. The enemgysbdefined in the hardness ratios of
their work were different from what we used earlier in TdlJerbwhich the three energy bands
were defined as: sof§ = 0.2-1.1 keV, medium i) = 1.1-2.0 keV, and hard{) = 2.0-7.0
keV. We therefore recalculated hardness ratios accordirtgese definitions. The summary of
source counts and hardness ratios of the identified SSS a8ds(Q@f8/en in Tablél6.

Excluding those that had been classified as foreground stacandidates, we identified
source 36 and source 56 as confirmed SSS and QSS respeanehye describe source 36 im-
mediately below in detail. Source 56 satisfied the QSS sefectiteria in the 2002 February data
but was too faint to be identified as a source in the remairfingetobservations. Two additional
sources (52, 54) also satisfied the QSS selection criteaarc 52 satisfied the selection criteria
in 2005 February in which the S/N is the lowest among the fdageovations. It however pos-
sessed substantial hard signal in the other three obsamgatSource 54 was identified based on
the 2004 February and 2005 February observations in whee){tay emission are dominated by

13



photons below 2 keV. On the other hand, substantial haragbigas present when the source was
in its high state in 2004 August. We therefore classified Isotlvces 52 and 54 as possible QSS
candidates and also presented their properties in Tabletérektingly, all the classified QSS and
QSS candidates are under the category of "QSS-noh", meattiegoli no hard X-ray emission
was detected.

The only classified SSS, source 36, had also been identifiedtr@sient. It was very lu-
minous during its high state in both observations in 2004ds&ppeared from the field in the
2005 February observation, just after it reached the higstase in 2004 August. Spectra of
the source were extracted from the two 2004 observationsipl8imodels all gave unaccept-
able fits withy? > 2. Satisfactory fits could be obtained only after a gaussiandt~ 0.9 keV
was added to the blackbody and power-law model. A relatiigdjn temperature dtT,, ~ 0.17
keV was obtained for the BB model, while very large photon ¢ediofl’ = 3.6 and 6.8 were
obtained for the power-law model with the 2004 February andust data respectively, indicat-
ing soft X-ray emissions. We noticed that SSS transientcanemon in nearby galaxies, with
two luminous examples being source 110 in NGC4697 (Sivakaf/2008) and ULX-1 in M101
(Kong et al. 2004a; Kong & Di Stefano 2005). They both belomghte group of ultraluminous
SSS (ULS) that have been suggested to be accreting inteateetiiass black holes (IMBHS)
(Di Stefano & Kong 2003a). In our case, source 36 is likely@acbnsistent with the white dwarf
model since its luminosity conforms to the near-Eddingtamihosity of a 1.M. white dwarf
(LE49~ 1.8 x 10°8ergs?). We looked for its optical counterpart from the DigitizedySkurvey
(DSS) data and UV/optical counterpart from K&M-Newton Optical Monitor (OM) images, but
found no source at its position in all images.

4.3.2. Supernova Remnants

With 1C342 not being an active target for SNR survey, there Ibaeh few identified SNR
candidates in the galaxy. We searched for SNR and stellaaenas listed in the International
Astronomical Union Circulars (IAUCs), and no matches with®i @f IC 342 was found. On
the other hand, we found four SNR candidates listed in théalpsearch by Dodorico et al.
(1980). The SNR object 1 (based on designation of Dodoried et980) is 94" away from
our X-ray source 27, with uncertainty in position of the SNRahout 10 from the optical
data, while the other three SNRlin Dodorico et al. (1980) weewithin the proximity of any
of our XMM-Newton sources. This SNR was first identified in radio continuum olzgens of
the galaxy [((Baker et al. 1977), and was later confirmed as a SNRebasis of optical spec-
troscopy [(Dodorico et al. 1980). Detailed X-ray analysigha$ source will be presented in Sec-
tion[5.2.4. Its X-ray spectrum could be fitted with an absdr&| model (c.f. Section5l2) with a
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derived 0.5-10 keV luminosity at 9 x 10°erg s, which is similar to that of SNRs in the Mag-
ellanic Clouds (e.g. Hughes, Hayashi, & Koyama 1998, Wilkaghal: 1999). Its X-ray spectrum,
combined with its proximity to an optical SNR suggest thatrse 27 is a strong SNR candidate.

In addition to comparison with optical SNR catalog, we algerapted to identify SNR using
the hardness ratio criteria outlined.in Misanovic et/al.0&) which required a SNR candidate to
haveHR1; > 0.1 andHR2; < 0.4, whereHR1; = ($£-5)/(£+S)) andHR2; = (3-S) /(S +
), with §, S, andS; the source counts in the energy bandd-0.5 keV, 05-1.0 keV, and
1.0-2.0 keV respectively. Excluding the foreground candidates (slow), two sources (48, 59)
were found to satisfy this criteria. It was noted that the@feentioned SNR candidate source 27
did not satisfy the HR criteria. As we will discuss in Secta@.4, the X-ray spectrum of source
27 could also be satisfactorily fitted by a power-law model #us it was possible that a hard
component resided in its X-ray emission. Together with #et that the hardness ratio criteria of
Misanovic et al.|(2006) only considered X-ray emission telkeV, this source could therefore
possibly be missed. It also implied that similar source$\aitelatively hard component could be
missed with this criteria as well.

For the two SNR candidates selected by the HR criteria, wekgtkefor their variabilities
as outlined in Section 4.1. We found that source 59 exhilstede degrees of variability in flux,
with Sux = 4.7. Since the X-ray emission of a SNR is expected to be pensjstas source was
rejected from being a SNR candidate. On the other hand, sd@&bad a very soft X-ray emission
which was consistent with a QSS classification. It had ancaptiounterpart in the USNOB1.0
catalog with an offset of 88”. Moreover, the X-ray to optical flux ratio at 106/ fopt) = —0.3
was larger than the expected value for foreground starschainould have logfy/ fopt) < —1
(Maccacaro et al. 1988). Since optical emission of acayetimary systems at the distance of
IC342 is below the sensitivity of the USNO and 2MASS cataldigsrefore source 48 was classi-
fied to be a SNR.

4.3.3. Foreground Sars

We compared ouKMM-Newton source list with the USNO B1.0 catalog and found that 25
of them had optical counterparts within 4 &earching radius (except for source 59 which had an
offset of 62" with an USNO star, but the searching radius was relaxed lsedawas at a large
off-axis position). We found 13 of these 25 sources have ytoaoptical flux ratios that were
consistent with those of normal stars of {dg/ fopt) < 1, using the criteria of Maccacaro et al.
(1988). We calculated the X-ray to optical flux ratios fromg(lé/ fopt) = log( fx ) +0.4V +5.37 for
each source. In the calculations, the X-ray flyxvas calculated by assuming a simple power-law
model restricted in the energy range 0.3-3.5 keV With 2 andNy = 8 x 10°lcm™? (same model
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as assumed in luminosity values in Table 2), and the valukedf magnitude was averaged from
the B andR magnitude in the USNO B1.0 catalog. To further constrain thssification of these
13 sources as foreground stars, two additional criterigparposed:

1. Hardness Ratio: X-ray emission from stars are relativefy fseom studies of their spec-
tra or hardness ratios. The energy spectrum of a foregrotandceuld be best fitted by
a Raymond-Smith model witkTrs ~ 1 keV or a power-law model with a photon index
I' > 3 (Kong et all 2002b). In ouXMM-Newton catalog, 13 sources were not bright enough
for spectral analysis. Instead we used the hardness ragoi@rdefined in_Misanovic et al.
(2006), which required a foreground stars to hafe2, < 0.3 andHR3; < —0.4, where
HR3; = ($%4-S)/(S4+S3) andS; was the source counts in the energy bari-2.5 keV,
while S3 andHR2, were the same as that defined in Section #.3.2.

2. 2MASS counterpart: For sources that had near-IR couatiesrfrom the 2MASS catalog, we
checked for their near-infrared colors and magnitude. Aidgghe criteria of Finlator et al.
(2000), we classified sources willrK < 0.8 andJ < 12.5 as foreground stars.

To classify sources as foreground stars, four criteria heehlproposed in which the first
two, that is, USNO counterparts and X-ray to optical fluxastiwere used for screening purpose.
Based on the two additional criteria, we classified X-ray seuo be a foreground star of category
1 ("Catl"in TableT) if all four criteria were fulfilled. Soursé¢hat satisfied either the hardness ratio
or the 2MASS criteria in addition to the two screening crédevere identified as foreground star
candidates and were marked as categories 2 and 3 respetvat2" and "Cat3" in Tablgl7). We
confirmed four sources (7, 24, 26, 29) as category 1 foregtstars that satisfied all the criteria
described above. These four sources were also identifiedtegrdbund stars by Bauer et al. (2003)
based solely on the X-ray to optical flux ratio. Furthermave,identified seven other sources for
the first time as foreground star candidates since theyhgsaither the hardness or the 2MASS
criteria. The majority of these candidates, six in totaufse 16, 28, 37, 43, 51, 61), belonged to
the category 2, with only one (source 2) belonging to cate8or

In summary, a total of 11 sources were classified as foregrstars or candidates. They all
had bright optical counterparts, with visual magnit@le 20.2 andR < 17.1. Except for sources
2, 16, and 61, they all showed significant X-ray variabilitytbe time scale of years, probably due
to flarings. In particular, sources 43 and 51 were transiantsexhibited large changes in flux.
Source 24 was the only star candidate that had enough caumtslible spectral fitting. Both
the Raymond-Smith and power-law models could generatdaatsy fits to the spectrum, with
kTrs ~ 0.9 and power-law index> 3 (c.f. Table[B), which was consistent with the spectrum of
foreground stars.
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5. PROPERTIES OF X-RAY SOURCES
5.1. Global Properties

Analysis of the four observations of IC 342 wi¥MM-Newton between 2001 February and
2005 February were presented in previous sections. Thergruminosity of these exposures was
between~ (1-2) x 10%" erg s* depending on the local background and exposure time. Congpini
all four observations, a total of 61 X-ray sources were detec While most detected sources
were too faint for detailed analysis, we used the X-ray slfiux and spectral variability, and in
some cases optical or radio counterparts to classify trectiet X-ray sources into several stellar
populations. We identified a total of 11 foreground starsSES3 QSS (one confirmed and two
candidates), and 2 SNRs, with a summary given in Table 7. Téagaspistribution of all detected
sources was shown in Figuré 1, with classified sources ctegized in different symbols. The
SSS/QSS were found to be located near or on the spiral arsgiasng them with young stellar
populations. On the other hand, the two SNR are very clodeetgtarburst nucleus dominated by
current star formation activities.

One major focus of this work is the study of intensity and s@eovariability of the X-
ray sources in 1C342 on timescales of years. We found that 4heo61 detected sources, or
64%, showed long-term flux variability, clearly indicatitizat they were individual X-ray bina-
ries. Of these, 26 sources, &43%, were classified as X-ray transients. The observeddract
of sources showing flux variability of (64%) is quite high goaned to previous studies of late-
type galaxies. For example, 27% of the X-ray sources in thaedrby face-on spiral galaxies
studied by Kilgard et al. (2005) exhibited variability orthebr long or short timescales, 25% of
the sources in M33 exhibited long-term variability (Grimbta€ 2007), 29% of the sources in
NGC6946, and 39% of the sources in NGC4485/4490 were variablégnescales from weeks
to years|(Fridriksson et al. 2008). This indicated that thrse population in IC342 was domi-
nated by accreting XRBs, in agreement with the results of K@0@3) that sources in IC342 were
mostly HMXBs. In addition to flux variability, 19 sources, dd% of total, were identified to be
varying in hardness ratios or undergoing spectral trawssti Eight of the identified X-ray tran-
sients showed spectral variability in addition to flux varidy as seen from the color-luminosity
diagrams.

In Figure[, the X-ray hardness ratios (HR1 and HR2) versus #Hel0 keV X-ray lumi-
nosities of all detected sources were plotted. Most sous@es in the luminosity range $0-
10%8erg s, and their hardness spanned a diverse population. The HRfloahinosity diagram
(upper panel) showed that a majority of the sources are hhilé he HR2 diagram (lower panel)
revealed a large proportion of hard sources along with aragpand smaller soft sources. This
soft population in HR2 color comprised of foreground staMiRS, SSS/QSS, with only one source
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that was unclassified. This is consistent with the expextahat these sources are characterized
by their soft color. As pointed out in Zezas et al. (2006),abserved HR1 color was sensitive to
absorption while HR2 was most sensitive to the intrinsic spéshape. With the X-ray sources
in IC342 being mostly hard and slightly obscured, this pietig consistent with a population
dominated by HMXBs, as would be expected in sites of recemtfetenation. For a compari-
son with an extragalactic X-ray source population, lrwithéy, & Bregman|(2003) studied 15
nearby early-type galaxies observed withandra and found that sources with luminosities in the
(1-2) x 10%%erg s range had softer spectra (power-law- 2), which was consistent with the
high/soft state of black hole binaries. On the other haraltwlo sources in IC342 with luminosities
above 18%erg s were instead generally harder, with hardness rati@s5.

5.2. Individual Sources
5.2.1. Source 19 (1C342 X-1): An ultraluminous compact X-ray source

Source 19 (IC342 X-1) is the most studied X-ray source in IC3#2wvas discovered by
Einstein (Fabbiano & Trinchieri 1987) and confirmed as a point sourdh WROSAT observa-
tions (Bregman et al. 1993). SubsequABSCA observation in 1993 September showed that this
source was in a very luminous state with absorbggl1g kev = 3.8 x 103%erg s (Kubota et al.
2002) (scaled to distance 1.8 Mpc) and its X-ray spectrumlvess-fitted by an absorbed multi-
color disk model (disk blackbody model in XSPEC), witly = (4.7 £ 0.3) x 10*'cm™ and
Tin = 1.774+0.05 keV, which is generally used to describe ULX spectra (@katchl.| 1998).
This corresponded to the characteristics of a black holestion disk in the high/soft state. The
source dimmed by a factor of three in a follow-B8CA observation in 2000 February with ab-
sorbedLos-10 kev = 1.2 x 103%erg s (scaled to distance 1.8 Mpc) and the spectrum changed
dramatically to an absorbed power-law model, Wikh= (6.4+0.7) x 10?*cm™? andl’ = 1.73+
0.06 (Kubota et al. 2002). The power-law-spectra as seen iryroliXs can be explained by
the low/hard state that are observed in many Galactic anceNéagc BHB systems. Kubota etlal.
(2002) noticed that there was significant softening in the)Xspectrum above 5 keV and instead
proposed that it was associated with an anomalous very Ngh $tate (or recently described as
steep power-law (SPL) state by Remillard & McClintock 20063paseen in many Galactic black
hole binaries (e.g. GX 339-4, Markoff et/al. 2003; GRS 1915 Relloni et al. 2000). The VH
state is characterized by strong Comptonization and\8&A spectra in 2000 could indeed be ad-
equately fitted by a strongly Comptonized optically thickration disk withTj, = 1.1+ 0.3 keV
and the exponent of the radial dependence of the disk tetopeia, = 2.2+ 0.4.

Using theXMM-Newton data from 2001 February to 2005 February, the 0.3—10 keMiispec
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of source 19 were fit with absorbed power-law models (Figlitef®left) with spectra parameters
listed in Tablé_ 8. The model gave satisfactory fits to all ¢helsservations except for the longest
exposure 2004 August data. The photon index and the absoaiumn density increased from
2001 February to 2004 February, followed by a slight dropsonth later in 2004 August, while
the inner disk temperature showed the opposite transitimimgl the same period. It is worth to
note that the spectral parameters of the disk blackbody hitde the 2005 February data are
remarkably similar to that of the 199€3CA observation. The spectral parameters from the power-
law model are also consistent with those obtained from tR@ 28CA observation. However, if we
restricted the analysis to the energy range 2—-10 keV, theptaw fits to the data showed that only
the photon index in the 2001 February data was steep enbugl2{), to be marginally consistent
with the spectrum of the VH state as defined by the presencawegplaw component with' > 2.4

in the 2—20 keV band (Remillard & McClintock 2006). The photodices of the subsequent three
observations were all lower than 2 in the 2-10 keV band. Ferxtray luminosity, the values
in the energy range 0.5-10 keV also changed dramatically thhee~15 years. The long-term
lightcurve of IC342 source 19 in Figuké 4 (top-right) showkdttit was one of the most variable
sources in 1C342 and its luminosity increased by a factor ofentban 3 from 1991 to 2006.
We noted that (and also pointed out by Kong 2003 land Bauer/208B) theASCA observations
suffered from serious confusion problem. The large extragtdius (3) used in analyzing source
19 (Okada et al. 1998) would have included nine other souis®srce 17, 18, 21, 24, 26, 27,
28, 29, and 30) detected in our fodMM-Newton observations. Using the presetM-Newton
photometry, about 24% of th&SCA counts of source 19 could be due to confusion. We therefore
excluded theASCA data of 1993 and 2000 from the lightcurve shown in Fidure 4.tt@nother
hand, it was noted that the luminosity during the high stat@993 as suggested by tA&SCA
data, after subtraction of the flux contribution from comdus atLy ~ 2.9 x 103°erg s would be
similar in magnitude to the high-lev€handra flux in 2006 withLy ~ 3.1 x 10°°ergs?.

Based on the results above, we proposed that source 19 hadjonedenultiple state transi-
tions. Starting from a low state in the 19BDSAT observation, it changed to the high/soft state in
the ASCA observation in 1993, changed again to the VH state in thevielip ASCA observation
in 2000 and remained in this state until the fdX&#M-Newton observation in 2001 February. It
then returned to the high/soft state in 2004 February andgdthto the low/hard state six months
later in 2004 August. In 2005 February, its luminosity wagentan double the intensity level of
1993 and stayed at the high/soft state through to the Zb@édra observation. If source 19 was
truly in the VH state during th&SCA observation in 2000 and théMM-Newton observation in
2001, it would be the longest period that a VH state was oleskfBauer et al. 2003). Finally, we
searched for short-term variability within ea8BMM-Newton data but found none.

The spectral/intensity variability of source 19 suggelts source is most likely a compact
accreting object of a black-hole binary. A plausible scentor the ULX source 19 is that it is
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an IMBH formed via mergers of massive stars/BH in a compactcitester, as supported by the
Comptonized disk model spectrum (Kubota et al. 2002). On therdhand, we cannot rule out
other possible explanations for the super-Eddington lositg, such as a stellar mass black hole
with strongly beamed X-ray emissian (King etlal. 2001; Kaglet all 2002). Moreover, source 19
was associated with a "tooth"-shaped optical nebula (Pakiidoni 2002)..Roberts et al. (2003)
found two regions of Qll emission located on the inside of the shell of the nebula agdested
they were caused by photonization of the nebula shock ekéitan the ULX source 19. This
scenario was later confirmed by Abolmasov et al. (2007). ReKaaret (2008) suggested that the
incomplete shell in optical morphology could be a jet enoissf the nebula was powered by an
unusual powerful explosion in which a black hole was fornredaurce 19.

5.2.2. Source 25 (IC342 X-2): An ultraluminous compact X-ray source

This source is the second brightest ULX in IC 342 discovesgeitheEinstein(Fabbiano & Trinchieri
1987). The spectrum taken B®SCA in 1993 showed that it was in the low state, with absorbed
Los-10 kev~ 1.6 x 103%erg s scaled to 1.8 Mpd (Kubota et al. 2001), and could be equatly sa
isfactorily fitted by both power-law and disk blackbody mbd€he best-fit absorbed power-law
parameters wensy = (14.3+1.6) x 10?'cmi? andl" = 1.39+0.10 (Okada et al. 1998). The sec-
ond ASCA observation in 2000, with absorbégs-1g kev ~ 2.8 x 103%erg s scaled to 1.8 Mpc,
revealed that the spectrum of source 25 was more convex tha893 and could be expressed
with a disk blackbody model dfi; = (18.2+0.8) x 10°lcm™ andT;, = 1.62+0.04 keV, whereas
the power-law fit was unacceptable (Kubota et al. 2001). Tineificreased by a factor of 2
between these two observations. Such a transition fromhkmg/state to high/soft supported the
black hole interpretation of source 25. The foiMM-Newton spectra of source 25 could be satis-
factorily fitted by both the power-law and disk blackbodysfdib) models, with the diskbb model
giving consistently better fits than power-law models (F&d8, top-right). This was consistent
with the spectral fits of the 19983CA data for the source. The spectra had soft excess below 1
keV and was the flattest in 2004 August with= 1.3. In addition, the spectrum in 2004 August
was different from the other three in which the inner diskpenature Ti,) from diskbb model was
particularly high together with a low photon index. Therefowe also attempted the combined
power-law and diskbb model and found that it gave a bettew flié¢ soft excess seen below 1 keV
with T, = 1.33+0.14 keV andl’ = 1.15+ 0.18. Similarly, a combined model of power-law and
mekal gave similar satisfactory fit witiir = 0.16+ 0.05 keV andl’ = 1.54+ 0.05. Both models
suggest the source was soft in 2004 August. These obsersdtidicated that the source was
undergoing significant spectral change from 2001 to 2005.

Source 25 is the most variable source in diMM-Newton catalog with a variability fac-
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tor Siux ~ 60. It became very luminous in the 2004 February data (umbbdd.g5-10 kev ~

4 x 10%%erg s?, even brighter than source 19) and in the 2@@ndra observation (unabsorbed
Los-10 kev~ 3 x 102 erg s1), implying an increase of a factor of 4 in flux from its faintest state.
With the low state being caught (2004 August and 2005 Fepyuaretween the recorded high
states, the timescale of the high/soft-low/hard transit®omuch shorter for source 25 than for
source 19. The intrinsic spectral/intensity change ofs®@b is high enough to explain the transi-
tion between the 1993 and 208@CA observations and thus the contamination of nearby sources
did not notably affect the observed variability if compdeaimagnitude of spectral/intensity tran-
sitions also occurred in th&SCA data. Besides long-term variability, source 25 also exéibit
short-term variability with a periodicity of 31 hr or 41 hrdod in a long & 250 ksec net exposure
time) ASCA observation/(Sugiho et al. 2001).

Similar to source 19, source 25 also suffered from the caorfiysroblem with a large extrac-
tion radius of 3being used. In ouKMM-Newton images, sources 23 and 34 in th8CA analysis
were included in the & 3 circle centered on source 25, implying that the flux measinmate
ASCA observations could be over-estimated-by0%. However, Kong (2003) noted that during
the high/soft state in 2000, the source 25 was asymmelrieatending towards the direction of
source 36, which was identified as a SSS locate’i away. This suggested that the flux estimates
of source 25 could also be affected by source 36. Source 3ghgytvariable with flux changing
by a factor of 5 between the observed faintest and brightatg and its brightness was similar to
that of source 25 in 2004 August. In addition, the asymmetrgoorrce 25 in 2000 might imply
that source 36 was in its bright state, thus contributingensmft photons to result in a softer and
brighter spectrum in source 25 (Kong 2003) as well as thetsgedariability observed during
1993 and 2000. Assuming nearby sources contributed aldeetfiux of source 25 in thASCA
observations in 1993 and 2000, the source could be dimmeddog than a factor of 2 from its
high state in 2000 (with unabsorbégs-10 kev~ 2 x 103%erg §1) to low state in 2001 (with un-
absorbed 510 kev ~ 1 x 103%erg s1). All these supported the proposition that source 25 is an
accreting binary object. Nevertheless, there is a lack dfiwavelength analysis for this source.
Studies of optical or radio counterparts will help to idgnthe nature of the compact object.

5.2.3. Source 38 (1C342 X-3): The nuclear X-ray source

Source 38 is one of the three historical ULXs detectedEmgtein. Recent high resolution
X-ray imaging studies showed that the source was assoomtedhe galactic center and thus
confirmed it was not a ULX (Mak et al. 2008). A comprehensivalgtof the multiwavelength and
spatial analysis of this source based on@handra HRC-I observation in 2006 was also presented
in that paper. Here we focus on the spectral analysis bast#edaurXMM-Newton observations.
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We found that simple models such as power-law, MEKAL, Raym8ndth, and MCD all
gave unacceptable fits, wittf, > 1.7./Bauer et al. (2003) obtained a good fit for source 38 using
the XMM-Newton data in 2001 with a best fit model of an absorbed MEKAL + povesv-model
(KT = 0.30'332 keV, I = 2.52*312 Ny = 6.4'97). We therefore attempted to fit source 38 with
this model and with a combination of different absorptiondels. We found a combination of
MEKAL and power-law model with Galactic absorption gave llest fit. Parameters of the spectra
fits were listed in Tablgl8. The best Ry was abou(3.5-7.2) x 10%1cm™, similar to the result
of Bauer et al.[(2003). The best-fit photon indeshowed a general decreasing trend from 2001
February (2.6) to 2005 February (1.5). Except for the 200drkrazy datall = 2.2), the spectra
of source 38 were outside the typical range for AGNs=(1.7-2.3). In addition, there were
also trends of decreasing absorption column density, amrdasing plasma temperatukd j from
2001 to 2005, strongly supporting a true spectral change.

Closer inspections of the spectral shapes over the 4 yeadlglbf-Newton data also revealed
that the spectrum in 2001 was very different from the othErgure[6 bottom-right). There was
an abrupt change in the slope for emission above 1 keV whioWweth a much harder emission in
2001 than in the follow-up observations. On the other hands&on lines at-0.8 keV (Fe L),
1.1 keV (Ne LyI"), 1.4 keV (MgxXIl), and 1.9 keV (SKIll' ) were most prominent in the spectra of
both 2004 observations, primarily because of the higheraditp-noise of these data sets. These
emission lines were also observed in the nucleus of NGC 186& Jiménez-Bailon etlal. 2005,
fig. 6), and we adopted their line identifications here. No Helike was detected with high
significance. This motivated us to replace the MEKAL modehvane in which the abundances
of individual elements could be fitted, that is, the VMEKAL d&. The abundances of O, Ne,
Mg, Si, and Fe were left as independent free parameters ifitshehile the abundances of other
elements are set to solar values. The best-fit abundancessubrsolar, except for the 2004
February observation in which an abundance>oi8 Z., much higher than the value obtained
by BO3 ¢ = 6.39Z., for MEKAL component) was found. The values of the bestyfitdof of
the VMEKAL and MEKAL models were compared independently atle observation using F-
test. The F-statistics suggested that #emprovement obtained when replacing MEKAL with
VMEKAL was statistically significant only for the two higheS/N 2004 observations. In addition,
an intrinsic absorption to the power-law component did mgdriove the fit and this intrinsic column
densityNy gave a value of zero.

An alternative model, with a power-law + blackbody was alsmpatible with the data, and
had been used to fit the spectrum for the 2001 observation hg K2003) kT = 0.11 keV,Ny =
8.7 x 10?1ecm™, T = 2). Even after we revised the model by adding a gaussiantirede8 keV to
provide best fits there were large deviation in the specsakibugh the whole spectrum, and the
power-law + MEKAL offered better fits to the data. Still, tmsdel gave a reasonable estimate to
the luminosity of the source.
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A final remark is that the variation of the spectral fits of ss®uB8 to both power-law and
MEKAL models is very consistent. It is interesting to notattBpectral change seen in nuclear X-
ray source is very rare and the change seen in source 38 wewladplement to this rare sample.
On the other hand, the underlying mechanism that drivessfiestral change in galactic nuclear
source is still unclear. Further investigations are neaédeshderstand the emission mechanism.

5.2.4. Source 27: A Supernova Remnant candidate

As described in Sectidn 4.3.2, source 27 had been identgiadapernova remnant associated
with the SNR object 1 of Dodorico etial. 1980. We could not iidfgrany X-ray sources from
previous observations witlinstein, ASCA, andROSAT. It was first detected in the 2001 February
XMM-Newton observation and was detectable in all observatiohxat 1 x 103" erg s until the
last observation in 2006 bghandra (C7 inIMak et al: 2008). While the detection sensitivity of
Einstein and ASCA were an order of magnitude worse thdklM-Newton and Chandra, ROSAT
had comparable sensitivity as these two satellites and bsereed the field of source 27 in 1991.
We used PIMMS to estimate tHROSAT PSPC count rates at the source position. Assuming
the source flux had not changed significantly over the yeas,uging a power-law model with
[ = 2 andNy = 8 x 10% cm™2, the deducedROSAT count rate for source 27 would have been
3.8x 10 cps in the 0L-4 keV band. We compared this predicted count rate with thkdracnd
subtracted source counts of tROSAT data at the source 27 position using DMEXTRACT. The
measuredROSAT count rate (19 x 1074 cps) is found to be at least a factor of 2 below the expected.
This could suggest a possible scenario of an X-ray binargcested with the SNR that turns the
source off and on again (€.g.Williams etlal. 2005, 2007)sEbuld be confirmed with a long-term
monitoring of the source in the future. This SNR was desdréea diffuse shell with an angular
size of 42 pc (assumed distance of 2.9 Mpc) in the optical @egd@odorico et al. 1980). After
scaling to our assumed distance of 1.8 Mpc, this correspionalsize of~16 pc. However, source
27 was not resolved in the high spatial resoluti@handra HRC-| data and was consistent with a
point source when compared to tBkeandra PSF of sizeé) ~ 2" (corresponding to 18 pc). This
X-ray spatial extent is comparable to that in the opticalge® It is worth noting that there are
only a few spatially resolved X-ray SNRs beyond the Milky Wag &Magellanic Clouds observed
recently (e.g. Kong et al. 2002a; Kong etlal. 2003; Kong £2@04b), and the unresolved X-ray
structure of source 27 is possibly due to its intrinsic siegmg smaller than th€handra PSF.

We noted that the Raymond-Smith (RS) and nonequilibrium aion (NEI) models were of-
ten applied to study X-ray emission from extragalactic SNRg.(Kong et al. 2002a; Schlegel et al.
2000). The RS model is a simple collisional equilibrium i@tian model, while the NEI model is
appropriate for modeling SNRs whose ages are smaller thamtbeequired to reach ionization
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equilibrium. The NEI model consists of an electron tempe®akTe) and an ionization timescale
(net), wherene andt are the mean electron density and the elapsed time aftetabma is shock
heated to a constant temperatlaiig respectively. Due to limited counts, we were only able to fit
the spectra of the two 2004 observations. The NEI model gawhrbetter fits to the data than
other simple models (including RS) since these simple mogi@e only acceptable fits to the
spectrum {2 > 2) in 2004 August. Results of the spectral fits, assuming sdlandance, were
given in Tablé 8 and Figuig 6 (bottom-left). We attemptedttthé abundances for the NEI model
but could not constrain the parameters. Moreover, thermdieations of line emissions at 0.9 and
2 keV. Itis likely that the 0.9 keV feature comes from the Fénklslines and Ne K shell lines. The
fitted electron temperature at above 2 keV was relativelij bigf it had been also observed in some
extragalactic SNRs (e.g., N132D in LMC Favata et al. 1997twibuld be due to a shock-heated
swept-up circumstellar medium or a inhomogeneity of therstellar medium (Kong et al. 2004b).
Following!Kong et al.|(2002a), we estimated the physicahpaaters of the SNR through the Se-
dov solution, assuming an initial explosion energy of B0°° ergs (Blair et al. 1981), a radius of 9
pc, and an electron temperature d32+ 1.24 keV (average value from the two spectral fits). We
derived the age of the SNR to be ZSQSSOyears and the number density of the ambient gas to be
0.107333 cm 3. The derived age and number density are both relativelylsroaipared to other
X-ray observed SNRs. This could have explained why this SNR e detected in the X-ray in
previous missions as nondetected X-ray SNRs usually residgions with ambient densities less
than 0.1 cm?® (Magnier et all 1997).
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Table 1. ArchivalXMM-Newton Observations of IC342

Aim point Texp (ksec)

Obs ID Date RA (J2000.0) DEC (J2000.0) EPICPN EPIC MOS1 EPICIZIO
0093640901 2001-02-11 03:46:49.40 +68:05:38.9 5.6 9.5 9.6
0206890101 2004-02-20 03:46:15.92 +68:08:43.6 13.0 20.1 0.7 2
0206890201 2004-08-17 03:45:56.41 +68:07:23.7 19.7 23.6 352
0206890401 2005-02-10 03:45:55.66 +68:07:31.8 6.1 6.1 5.9




Table 2. XMM-Newton X-ray source catalog of IC342

ID Source Name RA DEC Positional error Net counts HR1 HR2 Lx (0.3-12 keV) Note
XMMU J (J2000.0) (J2000.0) (arcsec) soft (0.3-1 keV)  medi@rf2.0 keV) hard (2.0-12.0 keV) x(L0%8 ergst)

1*  034333.4+680224 03:43:33.47 68:02:24.8 1.34 .98810.0 1812+14.0 2713+195 0.34+0.07 051+0.07 012+0.02

2*  034354.8+675657 03:43:54.88 67:56:57.4 141 .¥3319 2924+198 833+295 -0.43+0.04 -0.80+0.07 067+0.06

3 034402.1+680935 03:44:02.13 68:09:35.8 0.73 42433 3917+218 4345+ 277 0.524+0.06 055+ 0.06 055+0.04

4  034426.8+681739 03:44:26.82 68:17:39.0 0.85 .a9515.2 749+9.8 <89 -0.45+0.07 -0.75+0.11 077+0.05 f,t

5  034441.1+680827 03:44:41.10 68:08:27.7 0.83 <218 11494130 16604188 0.95+0.17 097+0.16 010+0.01

6  034447.4+680840 03:44:47.40 68:08:40.8 0.63 285121 4266+22.3 5032+27.2 0.67+0.06 071+0.06 050+ 0.05 f,

7  034449.0+680736 03:44:49.06 68:07:36.3 1.34 A2 <172 <172 -0.72+0.15 -0.82+0.17 031+0.04 f,t

8  034449.6+680216 03:44:49.65 68:02:16.3 0.80 723%.8 806+106 1050+ 14.3 0.55+0.14 063+0.15 016+0.03

9  034504.5+675910 03:45:04.56 67:59:10.7 1.49 <265 188+5.7 334+88 0.38+0.27 060+ 0.27 009+0.03 f,s

10 034507.5+680111 03:45:07.51 68:01:11.7 0.60 .ae20.7 1695+138 1153+127 0.25+0.07 006+0.08 074+0.07 f,t

11  034509.3+680855 03:45:09.32 68:08:55.7 0.80 7386 845+113 800+ 16.0 0.44+0.13 042+0.17 009+0.02 f,

12 034510.1+680231 03:45:10.12 68:02:31.0 0.44 25371 9565+ 318 8758+324 0.58+0.03 055+0.04 087+0.05 f,t

13 034515.3+681648 03:45:15.37 68:16:48.5 0.95 <115 237+8.2 932+139 0.444+0.32 082+0.19 021+0.03 f,t

14 034531.3+681912 03:45:31.32 68:19:12.0 0.68 32339 5200+24.8 5841+312 0.62+0.05 065+ 0.06 072+0.05

15 034533.9+675912 03:45:33.93 67:59:12.9 0.51 96389 3047+186 4890+ 245 0.65+0.07 077+0.06 036+0.03

16 034536.9+680733 03:45:36.93 68:07:33.4 0.90 3161 530+09.1 37.0+107 0.55+0.18 042+0.25 007+0.02 S

17  034539.9+680309 03:45:39.91 68:03:09.4 0.29 33094 12300+ 36.2 17896+ 44.6 0.58+0.03 069+ 0.03 156+0.07 f

18 034547.1+680547 03:45:47.12 68:05:47.5 0.61 <343 512+104 716+136 0.74+0.25 081+0.24 010+0.01 f,t

19 034555.6+680455 03:45:55.62 68:04:55.9 0.09 IB46®5.4 262064+ 1639 324802+1839 0.74+0.01 079+0.01 2100+0.18 f,s

20 034556.8+675925 03:45:56.86 67:59:25.8 0.76 .645.9 913+111 1565+ 155 0.33+0.11 055+0.10 019+0.03 f,t,s

21 034559.4+680537 03:45:59.44 68:05:37.6 0.29 96523 5552+ 26.7 7996+ 31.9 0.68+0.05 077+0.05 083+0.04

22  034602.0+675513 03:46:02.09 67:55:13.7 1.11 <307 209+6.1 275+8.9 0.35+0.26 047+0.29 014+0.02

23  034606.1+681029 03:46:06.19 68:10:29.3 0.43 .0418.6 2286+ 16.8 2864+221 0.70+0.09 075+0.09 030+0.02 s

24  034606.5+680705 03:46:06.54 68:07:05.3 0.33 D321 3588+19.8 483+105 -0.46+0.03 -0.91+0.04 324+0.10 f,s

25 034615.6+681112 03:46:15.64 68:11:12.2 0.12 51287 91983+98.2 415624+ 207.3 0.89+0.01 098+0.01 1200+0.11 f,s

26  034619.5+680554 03:46:19.59 68:05:54.7 0.83 .026.0 254+6.8 129+7.8 -0.01+0.18 -0.34+0.27 010+0.02 f

27 034622.1+680506 03:46:22.12 68:05:06.9 0.55 247279 2625+17.0 1546+ 14.3 0.724+0.08 057+0.10 018+0.02 s

28 034625.9+680421 03:46:25.91 68:04:21.8 0.75 .136.1 241+5.7 <220 -0.11+0.16 -0.43+0.21 010+0.03 f

29 034626.7+680455 03:46:26.70 68:04:55.4 0.75 .6527.9 421+75 181+6.6 -0.11+0.12 -0.49+0.16 018+0.03 f,t

30 034627.5+680410 03:46:27.56 68:04:10.7 0.82 .8256.7 37.2+6.5 <72 014+0.13 -0.61+0.24 019+0.03 f,t,s

31 034633.4+675855 03:46:33.48 67:58:55.8 0.87 .7317.0 989+109 1391+14.7 052+0.11 063+0.11 011+0.02

32 034638.9+675551 03:46:38.94 67:55:51.6 0.79 9584 1587+134 1060+ 130 0.49+0.08 033+0.10 038+0.01 f,s

33 034639.8+680517 03:46:39.80 68:05:17.5 0.59 <9.6 <79 2565+19.0 0.00+0.00 100+0.11 023+0.03 f

34 034643.6+680611 03:46:43.65 68:06:11.4 0.33 <129 213475 491+103 0.49+0.37 074+0.26 122+0.05 S



Table 2—Continued

ID Source Name RA DEC Positional error Net counts HR1 HR2 Ly (0.3-12 keV) Note
XMMU J (J2000.0) (J2000.0) (arcsec) soft (0.3-1 keV) medi@rf€2.0 keV) hard (2.0-12.0 keV) x (0% ergs?)

35 034644.0+681104 03:46:44.07 68:11:04.6 0.80 38221 7293+37.2 8121+389 0.59+0.05 062+ 0.05 007+0.01 f
36  034645.1+680946 03:46:45.14 68:09:46.1 0.22 2D456.1 164244415 3072+189 -0.11+0.02 -0.74+0.03 493+0.10 f,t,s
37 034646.1+680524 03:46:46.19 68:05:24.7 0.22 268B.6 637+9.1 <95 0.01+0.10 -0.96+0.22 122+0.07 f,t
38 034648.5+680547 03:46:48.52 68:05:47.4 0.20 FH1B3.0 39314+ 680 14971+ 454 0.06+0.01 -0.40+0.02 963+0.16 s
39 034651.3+680028 03:46:51.32 68:00:28.6 0.54 .4368.3 2776+182 4772+24.8 0.77+0.08 086+0.07 037+0.03 f,
40 034652.5+680535 03:46:52.59 68:05:35.4 0.46 16423 746+139 493+134 0.08+0.13 -0.13+0.16 107+0.07 f,t,s
41  034652.6+680847 03:46:52.63 68:08:47.2 0.64 <212 67.9+9.7 1300+138 0.86+0.20 092+0.15 010+0.01 f,t
42  034652.7+680504 03:46:52.74 68:05:04.9 0.69 9439 1504+14.7 2134+174 0.55+0.10 066+ 0.09 026+ 0.03 f,t
43  034654.3+675901 03:46:54.36  67:59:01.2 0.86 738.2 805+10.0 <237 035+0.11 -0.56+0.23 017+0.03 f,t,s
44  034657.2+680619 03:46:57.27 68:06:19.4 0.23 819538 180744439 19090+ 45.4 0.57+0.02 059+0.02 293+0.08 f
45  034659.3+680316 03:46:59.31 68:03:16.0 0.54 .Baas4 9147+314 5657+ 26.0 0.51+0.03 031+0.04 080+ 0.03 f,t,s
46  034701.9+680237 03:47:01.93 68:02:37.6 0.52 78319 2610+183 3592+219 0.51+0.07 062+0.07 044+0.03

47  034703.8+680905 03:47:03.83 68:09:05.0 0.58 .56810.0 1517+133 2399+174 0.38+0.08 056+ 0.07 030+ 0.02

48  034704.6+680517 03:47:04.69 68:05:17.4 0.68 44133 1024+120 <357 -0.16+0.07 -0.70+0.12 033+0.03

49  034708.1+681059 03:47:08.12 68:10:59.0 0.64 .08810.1 2992+182 2315+17.7 0.55+0.06 045+0.07 069+ 0.06 f,t
50 034718.6+681128 03:47:18.63 68:11:28.5 0.51 45138 4554+226 4689+ 250 0.50+0.05 051+0.05 079+0.05 f
51 034722.3+681538 03:47:22.38 68:15:38.5 0.84 .068.5 466+7.9 <86 -0.13+0.11 -0.64+0.18 031+0.04 f,t,s
52  034722.9+680859 03:47:22.96 68:08:59.5 0.40 .B1719.0 10338+33.1 3755+227 0.53+0.03 008+0.04 095+ 0.05 f,t,s
53" 034726.5+680849 03:47:26.58 68:08:49.2 0.94 <0 <0 889+104 0.07+0.30 081+0.15 012+0.02 f,t
54  034748.1+681530 03:47:48.12 68:15:30.1 0.91 A23.8 492+8.8 413+128 0.35+0.16 028+0.23 011+0.03 f,t
55  034803.5+681114 03:48:03.58 68:11:14.9 1.20 <64 361+7.9 570+117 0.93+0.32 095+0.29 004+0.02 S
56  034805.1+680137 03:48:05.10 68:01:37.9 1.37 62%.1 169+4.9 <81 -0.24+0.18 -1.00+0.41 015+0.04 f,t,s
57  034807.1+680455 03:48:07.10 68:04:55.5 0.34 32222 12029+ 394 18571+52.0 0.57+0.03 070+£0.03 157+0.07 f,
58  034817.9+680204 03:48:17.99 68:02:04.4 0.99 944111 19194193 3991+ 306 0.62+0.11 080+0.09 036+ 0.02



Table 2—Continued

ID Source Name RA DEC Positional error Net counts HR1 HR2 Lx (0.3-12keV) Note
XMMU J (J2000.0) (J2000.0) (arcsec) soft (0.3-1 keV) mediwf42.0 keV) hard (2.0-12.0 keV) x (0% ergs?)

59  034825.4+680817 03:48:25.42 68:08:17.1 1.46 41%.5 383+9.0 856+ 14.3 033+0.19 063+0.17 014+0.03 f,t

60 034832.3+675644 03:48:32.37 67:56:44.3 2.00 <93 171+6.6 640+ 10.6 100+0.63 100+0.25 023+0.02

61 034914.5+675732 03:49:14.58 67:57:32.4 1.23 519.0 498+117 2424+ 175 044+0.21 085+0.09 019+0.05

Note. — Column (1) lists the running ID number of the X-ray s@s.cColumn (2) lists the X-ray source names given as XMMU JHHNSMSS-DDMMSS. Column (3) and (4) list the X-ray source postion
that used the astrometric reference as discussed in SEclo@@umn (5) lists the rms positional errors returned by ti/DETECT task after aligning the four observations. Thessreegistration errors of
aligning the observations and the astrometric registrafoors with the USNO B1.0 catalog are not included. Column(@)list the total background and exposure corrected nattsaand its errors of X-ray
sources for all 4 observations in the soft, medium and hard bespectively, as determined by DMEXTRACT. For sourcesliase S/N< 2.5 in a particular band, thes3upper limit are used instead. Column
(9) and (10) list the average HR1 and HR2 values, defined asHRM -S)/(M +S) and HR2= (H-S)/(H +S), and their corresponding errors averaged from data seteewhe the source was present.
Column (11) lists the unabsorbed® 12 keV luminosities in unit of x 10°® erg s1) determined by EMLDETECT, by assuming an absorbed power{estsum withl' = 2 andNy = 8 x 107lcm 2, averaged
from data sets where the source was present. A distance bffgc&o 1C342 is assumed. Column (12): Symbols are defined asv&llb= X-ray transient; f = flux variable; s = spectral variabl
* These sources were only detected with EDETECT_CHAIN softwe SASDAS and not by the WAVDETECT task of CIAO.



Table 3. Cross-correlation of oMM-Newton catalog withChandra, ROSAT, Einstein, and
previousXMM-Newton catalogs

Source ID  previouXMM-Newton 2 (offset”)  Chandra® (offset”) ~ ROSAT ¢ (offset”)  Einstein 9 (offset”)

6 X1 (3.2") - - -
7 X3 (5.6") - - -
8 X2 (16") - - -
9 X4 (4.2") - - -
12 - C1(57") - -
15 X5 (32") - - -
17 X6 (18") c2 (35") R1(10") -
19 X7 (23") c3(01") R3 (16") IC342 X-1 (252")
20 X8 (26") - - -
21 X9 (34") c4(11") - -
22 X10 (42") - - -
23 X11 (23") - - -
24 X12 (12") C5 (12") R4 (04") -
25 X13 (37") C6 (24") R5 (7.3") IC342 X-2 (306")
27 X14 (317) C7(09") - -
28 X15 (68") - - -
29 X16 (24) - - -
30 - C8 (32") - -
31 X17 (36") - - -
32 X18 (37") - - -
35 X19 (20") C9 (07") R6 (16") -
36 X20 (35") C11 (20") R7 (52") -
38 X21 (17") C12 (117) RS (31") IC342 X-3 (407")
39 X22 (22") - - -
41 X23 (48") - - -
42 X24 (21) C14 (117) - -
43 X25 (50 - - -
44 X26 (21 C15 (117) R9 (45") -
46 X27 (09" C16 (07") - -
47 X28 (15") C17 (32") - -
48 X29 (35") C18 (12") - -
50 X30 (34) C21 (08" - -
52 X31 (22") C22 (11") - -
56 X32 (57") - - -
57 X33 (31 C23 (29") R10 (65") -
58 X34 (71") - - -
59 X35 (39") - - -
60 X36 (55) - - -
61 X37 (09") - - -

Note. —2 Table 1 of Kong|(2003). Bauer etlal. (2003) also gave the aimlyf the sam&MM-Newton observation
as Kongl(2003), but the catalogs are similariand Kong (2008)wa more sources. Searching radius’= 6
b Table 1 of Mak et 1. (2008). Prefix "C" denot€sandra sources. Searching radius % 6
¢ Table 1 of Bregman et al. (1993). Prefix "R" dendR&BSAT sources. Searching radius % 6
d Table 3 of Fabbiano & Trinchieri (1987). Prefix "IC342-X" dzas the 3 brightest ULX in IC342 identified I®jnstein.
Searching radius = 40



Table 4. Energy Conversion Factors for each instrument aedygiand

ECF (1011)

Detector  Soft (0.3-1keV) Medium (1-2 keV) Hard (2-12 keV)
MOS1 0.032 0.597 0.266
MOS2 0.032 0.597 0.266

PN 0.0987 1.24 0.516

Note. — Count rate to flux conversion factors for each EPI@umsents in
the soft, medium, and hard band, assuming an absorbed powepétrum
with a photon index of 2 and absorption column density efB?lcm 2.



Table 5. Classification Scheme of the X-ray sources

Object Type Selection criteria
Hardness Ratio Catalog X-ray Spectral properties Others
XRB - a XRB: diskbt with KT ~ 1-3 keV XRBs: variable
SSs c.f. fig. 3in DOB - bb withKkT < 100eVv -
SNR HR1, > 0.1 andHR2; < —0.4 (Z06¥f Do8(! dominated by thermal spectrum?2 keV -
Stars HR1; < 0.3 andHR2;, < -0.4 USNOB1.6 RS? with kT ~ 1 keV J-K < 0.8andJ < 125, log(fx/fopt) < 1
X-ray transient - - - 1.variability factor > 3

2. at least detected in one observation
with Ly > 10%” erg s and not detected in
at least one other observation

Note. —1! Disk Blackbody model? Raymond-Smith model
a8XMM —Newton : IKong|2003;Chandra: IMak. Pun. & Kong 2008ROSAT: IBregman. Cox. & Tomisaka 1998jnstein: [Fabbiano & Trinchieli 1967;
BDj Stefano & Kond 2003b;
AMisanovic et al. 2006;
dDodorico et al. 1980;
SMonet et all 2003



Table 6. Summary of the identified SSS (source 36) and QS$cE®62, 54, 56)

Source ID Observation Soft (0.1-1.1 keV)  Medium (1.1-2 keVHard (2-7 keV) HR1 HR2

36 2002 February 17089+1335 681+2.87 305+257 -0.92 -0.96
2004 February 6206+ 25.44 13265+12.13 1882+5.77 -0.65 -0.94
2004 August 17394+ 4256 104746+ 33.09 27079+1686 -0.25 -0.73
2005 February 1865+4.76 148+2.13 000+£1.99 -0.85 -1.00
52 2002 February 68+8.6 1256+114 511+7.7 031 -0.13
2004 February 21&@+156 3111+185 1098+123 0.18 -0.33
2004 August 208+ 153 4348+214 1594+135 0.36 -0.13
2005 February 221459 142+45 0.0+45 -0.22  -1.00
54 2002 February 4+39 0.0+29 0.0+3.6 -1.00 -1.00
2004 February 20+£89 420+9.6 00+106 091 -1.00
2004 August 25+75 488+8.6 258+85 0.37 0.07
2005 February 114+6.4 6.6+£5.1 0.0+5.4 -0.27  -1.00
56 2002 February 26.8+6.3 149+4.6 0.0+34 -0.29 -1.00
2004 February 2491 24+7.6 195+110 0.00 0.78
2004 August 15¥+7.8 108+7.2 91+6.8 -0.18 -0.27
2005 February 3+54 07+£51 12+74 -0.64 -0.47

Note. —* Observations in which the source satisfied the selectider@iof SSS or QSS.



Table 7. Identification of SSS, QSS, SNR, and foreground star

Source ID Typé Identificatior? Radial Offset
USNOB1.0 2MASS D03
2 Star Cat3 vl 39" -
7 Star Catl o' 0.7" -
16 Star Cat2 ki 3.3 -
24 Star Catl B’ 1.2" -
26 Star Catl 3’ 3.1 -
27 SNR D80 - - 74
28 Star Cat2 &’ 5.2" -
29 Star Catl rdd 2.2" -
36 SSS HR - - -
37 Star Cat2 B’ - -
43 Star Cat2 &' 2.2 -
48 SNR HR 06" - -
51 Star Cat2 ¥’ 2.2" -
52 QSS-noh HR - - -
54+ QSS-noh HR - - -
56 QSS-noh HR - - -
61 Star Cat2 B’ 3.1” -

Note. —* These sources are classified as SSS/QSS candidates only.
1 Classification of SSS and QSS adopted the scheme_by Di Stefatumé
(2003b). QSS-noh: sources exhibited little or no emissiaveli keV;
2 Foreground star classification (Catl: USNOB1.0 + X-ray ttiog flux ratio
+ 2MASS + hardness ratio; Cat2: USNOB1.0 + X-ray to opticak ftatio +
hardness ratio; Cat3: USNOB1.0 + X-ray to optical flux rati@€Mass); D80:
Dodorico et al. 1980; HR: hardness ratio criteria
3 Searching radius of catalogs: USNOB1.0’5 8MASS = 8 D80 = 10



Table 8. Spectral fits to the brightest 11 X-ray sources in 234

Source ID Obs year XSPEC model Ny (10%%cmi?) T/ log(net)? kTP (keV) xZ/dof LS (10%8ergs?)
Flux variable$

17 2004 February pow 891233 1.26'332 - 1.39/21 0.73
diskbb 020529 - 2735 1.16/21 0.53

2004 August pow 55313 1.69'929 - 1.35/42 0.73

diskbb 030:96 - 1761925 1.18/42 0.87

19 2001 February pow 6735 16755 - 0.77/140 8.27
diskbb 031:5%% - 197813 1.04/140 7.50
2004 February pow 83353 2.001383 - 1.05/628 18.40

diskbb 048854 - 157333 1.28/628 16.70

2004 August pow ®2393 1.81:3%% - 1.17/390 9.10

diskbb 035992 - 175338 1.76/390 8.20
2005 February pow 81:3% 1.86'3%2 - 0.91/331 23.30

diskbb 047352 - 1771397 1.09/331 21.30

RS 067533 - 7285708 0.88/330 22.60

25 2001 February pow 26793 1.84'312 - 1.14/73 7.10
diskbb 161292 - 2111827 1.05/73 6.50
2004 February pow 25319 168532 - 1.36/670 33.30

disbb 1721238 - 255392 1.18/670 31.70

2004 August pow B6/315 1.305%¢ - 1.08/310 8.90

diskbb 1287338 - 3401921 0.96/310 8.50

2005 February pow 87335 1.56'317 - 0.97/80 8.40

diskbb 127331 - 2713949 0.94/80 8.00

36 2004 February pow+ga 51088 6.79.553 0.9073%8 0.86/30 0.15
bb+ga 011132 - 0.19:38%,0.94'3%+  0.94/30 0.16

2004 August pow+ga @379 3.641322 0.8870:94 0.97/116 0.86

bb+ga 045239 - 0153%3,0.01387  1.23/116 0.90

44 2001 February diskbb FcisH - 149°739 0.49/32 1.40
2004 February diskbb 217219 - 1301922 0.73/31 0.63

2004 August diskbb a1se - 1441310 0.97/60 0.85

2005 February diskbb 211518 - 21334 1.00/16 1.50

52 2001 February pow 54032 2.84'399 - 1.06/15 0.21
2004 February pow 65018 3.367082 - 1.24/33 0.73

2004 August pow 73523 3521048 - 1.18/43 0.30

RS 059334 - 105938 1.08/42 0.27

Spectral variables

23 2001 February pow 0058 0.47312 - 0.21/8 0.30
2004 February pow 8708 153191 - 0.68/14 0.12

2004 August pow B4338 1.817558 - 0.79/35 0.20

2005 February pow 85'308 252253 - 0.78/15 0.13

24 2001 February pow 881352 8.462538 - 0.94/38 0.09
2004 February pow 3313 3.94:3%8 - 1.52/36 0.12
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Fig. 1.— Digitized Sky Survey (DSS) blue band image of (a) fieéd of view (33 x 35) of
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Table 8—Continued

Source ID Obs year XSPEC model Ny (10%%cm™)  T'/log(net)? kTP (keV) xZ/dof LS (10%8ergs?)
24 (con’t) RS 0010'303 - 0.83'597 1.28/37 0.08
2004 August pow %5218 6.34'528 - 1.89/53 0.09
BB 0.1199¢ - 017332 1.67/53 0.09
2005 February pow 821218 410193 - 0.95/32 0.21
38 2001 February  pow+BB+ga s 307°3%  0953032.0647333  1.12/99 1.56
pow-+mekal 072337 2637018 0.24:331 1.09/101 1.61
2004 February ~ pow+BB+ga 55280 258942 0173%8.072:3%7  1.41/88 1.32
pow+mekal 0437213 2191322 0.49:313 1.15/90 0.91
2004 August  pow+BB+ga 80738 16693 023001082003 1.26/113 1.15
pow-+mekal 035932 1.307231 0.61:3%% 1.18/115 1.11
2005 February ~ pow+BB+ga orois 100138 028519079932  1.26/44 1.57
pow-+mekal 038289 1501112 0.55:3.98 1.28/46 1.15

Other bright X-ray sources

21 2001 February pow 00258 1777388 - 0.81/11 0.48
2004 February pow 835333 2.0070:33 - 0.60/14 0.35

2004 August pow ®5/523 168353 - 0.87/26 0.54

diskbb 034:513 - 20115338 0.62/26 0.50

2005 February pow 0938 227313 - 0.49/12 0.45

diskbb 039:538 - 117958 0.47/12 0.37

27 2004 February NEI 04333 9.560.91 2.64'115 1.29/14 0.07
2004 August NEI ®1:313 9.117351 2117988 0.30/15 0.10

Note. — This table lists spectral parameters to energy spetsources with enough counts (over 100) in a particulaesfasgion for fitting.
The sources in a particular group (i.e. flux, spectral vdemband other bright sources) are listed in ascending @fd@A. For the XSPEC
model, pow refers to power-law; BB refers to blackbody; diskéfers to disk blackbody; RS refers to Raymond-Smith; gasefeGaussian
lines. The quoted errors are at 90% confidence level as geddyg XSPEC.
aThis column shows the photon indeiR)(and the ionization timescaled) for power-law and NEI models respectively.
bThe temperature refers to blackbody temperature for blagkhiethperature at inner disk radius for disk blackbody, platsngperature for
Raymond-Smith and NEI, and line energy in keV for Gaussianhéncase of source 36 and 38, the 2 temperatures are blacklmopgregure
and gaussian line energy in this order.
¢ The quoted luminosities are absorbed value. The assumedabdtalC342 is 1.8 Mpc.

T Sources with significant flux variability (i.&uy > 3)
* Sources with significant spectral variability that exhitfianges in the best-fitted spectral parameters at 90% cocéidievel.
¢ These two sources are also classified as spectral variables.
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Fig. 2.— Color-color diagram for all sources with more thanc@@nts (circles: detected sources;
squares: spectral models). Also plotted are the theolétardness ratios estimated from different
spectral modelsTop to bottom: Power-law model with™ = 1.2, 1.7, 2, and 3; Raymond-Smith
model withkTrs = 0.5 keV; Blackbody model witkkTgg = 0.1 keV. For each modeNy varies
from left as 3x 10?1lcm?, 5 x 10°lcm™?, and 16%cmi?|Kong (2003).
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