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Abstract

The group of seven thermally emitting and radio-quiet itmaneutron stars (INSs) discovered by ROSAT exhibits dveraperties at variance from those of the bulk of rotatfmwered radio pulsars. Within
1kpc they appear as numerous as classical radio and ganyrpatsars. If their space density in the Galaxy is as large &4 solar vicinity, one would expect to detect a conspisumncentration of soft X-ray
sources at low galactic latitudes and towards distant OBcéesons. However, attempts to enlarge this group faitecbinfirm any reasonable candidate, although interestingy)sources have been discovered
(for instance, Rutledge et al. 20@®J 672: 1137). Aiming to find more distant thermally emitting3s| we used the 2XMMp catalogue to select sources with néogaied counterparts and with X-ray spectra
similar to those of the ROSAT discovered INSs, but seen gefadistances and thus undergoing higher interstellarptisns. In order to rule out alternative identificationsisas an AGN or a CV, we obtained
deep ESO-VLT and SOAR optical imaging for the X-ray brightsndidates. We report here on the optical follow-up resafiour search and discuss the possible nature of our caedid&e focus particularly
on the X-ray brightest source of our sample, 2XMM J1046@8%306, observed serendipitously over six years by the XNiévton Observatory, which allowed us to carry out an anslgsiits X-ray emission.

A lower limit on the X-ray to optical flux ratio of- 500 together with a stable flux and soft X-ray spectrum makeeimost promising thermally emitting INS candidate. Baytre finding of new members, our
study aims at constraining the space density of this pojpulait large distances and at determining whether theirrapgig high local density is an anomaly or not.

Selection of candidates

The seven soft X-ray sources discovered in the ROSAT All-Skyvey data constitute a nearby
(few hundred parsecs) group of radio-quiet INSs charaérby long spin periods (few sec- -
onds) and high magnetic fields (L0'* — 10" G; see Kaplan 20081PC 983: 331, Haberl 2007
Ap& SS 308: 181 for reviews). Proper motions studies (Motch et &0072Ap& SS 308: 217,
and references therein) have shown that these are coolirtgonestars of intermediate ages,
10° — 10°years, which have their origin in the nearby OB associatmfrthe Gould Belt. We
started a project aiming at finding more distant sources ®RBSAT kind with the goal to
constrain their spatial density outside of the Gould BedgaiFor that purpose, we searched the
2XMMp catalogue for new candidates using as criteria themdes of any correlated catalogued
optical object (USNO, SDSS) and hardness ratios (HR) alkistent with blackbodies with
kT < 200eV undergoing absorptions in the range\af= 10" — 10cm~2. We only consider o %, i o
non-extended and well detected sources with count rateab0.01s ' in the EPIC PN cam-
era. For each selected source, we visually checked the X¥ndyoptical images and searched
for possible identifications in over 170 astronomical aegaks. Out of 7.80' serendipitous
sources above the mentioned flux, we found no more tha0 good candidates — i.e. intrin-
sically soft candidates not associated to any known opticatfra-red object — among which
we selected eight of the brightest ones for follow-up optataservations during the years of
2007 and 2008, using the SOAR and ESO-VLT telescopes. Iré&ifjare shown the positions

of these candidates in the HR HR, diagram, where HR= %&é'\'}ﬁ/, HR, =

(1.0-2.0) k?V (0510 keV Figure 2. Finding charts. Upper diagrams show from left to right thédfieof candidates 65, 164, 318 (observed with the VLT) and 8HBe bottom diagrams show candi-
(0.5-2.0) keV dates 358, 364, 604 and 681, all observed with SOAR. All irsage in the R filter.
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Results

Deep optical imaging (Figure 2) has revealed the preseneglefist one optical object inside the X-ray error circle©€onfidence level) of all our
INS candidates but one, source 2XMM J104608.7-594306, etlibbndidate 65. In Table 1 we list the distance to the X-rayce magnitude, colours,
likelihood ratio (LR) and logarithmic X-ray-to-optical flux ratio (0.2 — 12 keV /Hand, uncorrected for absorption) for each of the opticatlittates.
L The LR of an association is defined as the ratio of the probabiligt, thased on position, a given optical object is the true wopart of the X-ray
source to the probability that the object is just found byntfeaat this distance to the X-ray position. Although thigorgtiantifies a given X-ray/optical
association (objects with ? >> 1 are more likely to constitute a true association) its calilon in terms of real probability of identification requére
further analysis.

The strong UV excess exhibited by several of our candid@48, (364, 604, and 681) are clearly consistent with thoseGiflAsee Figure 3). In spite

of the more average colours of the optical candidates forcesul64 and 358, their highR and fx/ fr, similar to those of other AGN identified in

XMM-Newton surveys (Barcons et al. 20B& A 476: 1203), leave no doubt that they are extragalactic eswas well. Source 318 has two equally likely

5 weak optical candidates inside its large error circle witlisually highlog( fx/fr) ~ 2. Although its position in the HR< HR, diagram is compatible
+ with a very soft and absorbed X-ray source, this source weetl in a short XMM exposure (as many of the other candijlatich, along with its

1 low count rate yield large spectral errors.

-0st

" Our best INS candidate is source 65, for which no opticaloaptiounterpart is detected down to the limiting magnitutleus present data (Figure 4).

) o5 o 05 T Thanks to its proximity to the well-known double-star systéta Carinae, it was observed serendipitously in severaliXNewton observations carried
HRI out over a six year time interval. Its X-ray spectrum is wetefi by an absorbed soft blackbody/df ~ 110 eV, with Ny ~ 4 - 10? cm~2. Although

some possibly significant flux variations can be seen overptiod of time (Figure 5), the bad location of the sourcehenEPIC CCDs in several

Figure 1. Positions of the eight INS candidates selected for optiobii-up in the HRx HR, diagram (filled circles). Dotted

curves represent blackbodiesiaf — 50 — 200 eV undergoing column absorptions in the ratige= 101 — 102 cm-2. The known INSs. observations (near gaps and at large off-axis distancesglas remaining calibration uncertainties do not allowtgeconclude about a real effect. Its
(crosses) occupy the lowest (less absorbed) part of theatiagyhile we expect our more distant candidates to be morelaégand hotter | i —13 1 -2
than the known seven sources. All candidates have no in other and optical to X ray observed flux can be considered rothIy Steady areundo ergs-cm=

be fainter than at leagt ~ 21.

2XMM J104608.7-594306

Probable optical counterparts ™ ' ‘ i ' ]
Source cand & R U-B B-R LR loglfx/fr) } * t 1
arcsec PERIL] * + ]
2XMM J121017.0-464609 164 135 20.126(4) ? 1350(8) 88 80.1 24.019 20 + t b - .
2XMM J010642.3+005032 318 2.68 24.51(8) ? 205 13 2.19
2XMM J010642.3+005032 318 156  24.58(9) ? 206 12 2.22 B e \ f ' 1
2XMM J043553.2-102649 348 120  22.15(3) -0.51(7) 0.94(§)21 114 5 e f t 1
2XMM J031459.9-291816 358 0.67 21.379(13) -0.12(6) 1.23p(32.1 0.44 '
2XMM J214026.1-233222 364 126  23.81(9) -1.06(16) 1.09(18.1 1.39 f: t } } t .
2XMM J125904.5-040503 604 134 21.629(28) -1.09(3) 0y225.5 0.45 -
2XMM J125045.7-233349 681 1.80 22.193(27) -0.75(3) 0.y4(8.5 0.88 ; o8 \ + 1
Table 1.Magnitudes, colours, likelihood ratios and logarithmicagsto-optical flux ratios of the optical objects found in theor circles E osr 1 f 4 + v+
of our sample of candidates. Distances (relative to the Xsaayce),L i and flux ratios refer to the objects found in the R images.
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Figure 4.Composite BVR image of the field of candidate 65. No optical tewarts s detected at limiting magnitudes Figure 5. X-ray spectral analysis of candidate 2XMM J104608.7-584atetected

of R ~ 25, = 25.5 andB = 26 (2.5 confidence level), defining a present lower limit 6/ v ~ 500 (uncorrected  serendipitously in 17 different XMM observations. The bssparameters shown are for
for absorption). The? magnitudes of the surrounding faint objects are shown for caispn. The nebular diffuse emis-  an absorbed blackbody model witfl between 0.6 and 1.4 (all parameters were allowed
sion (mostly Hx from the Carina Nebula) around the position of the X-ray setaffects the photometry of faint objects 1o vary freely; errors are 1sigma). The observed flux is compidethe 0.15 — 3.0 keV
especially in the R filter. energy band.

Conclusions

1 Our search for new thermally emitting INSs in the 2XMMp catple has revealed a handful of interesting and previously
unknown soft X-ray candidates. Deep optical imaging rese:éikely optical counterparts for six of them which, basedue

B optical colours andbg( fx/ fr) around~ 0 — 1, identify them with AGN. Source 318 has no good opticaldidate and should

be further observed. Source 65 is, by far, our most promisarglidate. The analysis of its X-ray emission, based onaich

_ data obtained with non-optimal configurations, revealsnarinisically soft energy distribution, apparently stablelong time

o e scales. The derivediy; is consistent with that observed towards Eta Carinae amtlister (Vi ~ 3-10°' cm~2; Leutenegger et
[ s al. 2009ApJ 585: 1015). Scaling from RX J0720-8125 yields a distance of 1.4 kpc which, considering the uncertainties on
r ’ ol the spectral parameters, is probably compatible with tBé&@c assumed for the Carina Nebula (Smith & Brooks 20NRAS
e T P R P 379:1279). Optical follow-up observations failed to reveaunterparts brighter thaiR ~ 25,V = 25.5 andB = 26 (2.50)
0 1 u-g 2 3 which defines ag(fx/ fv) = 2.7 (uncorrected for absorption), implying that sources5& hew thermally emitting INS.
Figure 3.Colour-colourg — r x u — g diagram. Joh Morgan-Cousins etal. 1998 111:1748)

were used to compute the magnitudes of our data in the SLOANbpfeatic system. Circles show the positions of identified QSOs
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