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ABSTRACT

The identification of low-energy counterparts fofray sources is one of the
biggest challenge in moderrray astronomy. Recently, we developed and success-
fully applied a new association method to recognizgy blazar candidates that could
be possible counterparts for the unidentifietay sources above 100 MeV in the sec-
ondFermi Large Area Telescope (LAT) catalog (2FGL). This method is based on the
Infrared (IR) colors of the recent Wide-Field Infrared Survey ExplovéiSE all-sky
survey. In this letter we applied our new association method to the case of unidentified
INTEGRALsources (UISs) listed in the fourth soft gamma-ray source catalog (41C).
Only 86 UISs out of the 113 can be analyzed, due to the sky coverage @fI®BE
Preliminary data release. Among these 86 UISs, we found that 18 appear to have a
~-ray blazar candidate within their positional error region. Finally, we analyzed the
Swiftarchival data available for 10 out these~l-8ay blazar candidates, and we found
that 7 out of 10 are clearly detected in soft X-rays and/or in the optical-ultraviolet
band. We cannot confirm the associations between the UISs and the sel@ated
blazar candidates due to the discrepancies betwedNTieGRALand the soft X-ray
spectra. However, the discovery of the soft X-ray counterparts for the setectsd
blazar candidates adds an important clue to help understand their origin and to confirm
their blazar nature.

Subject headingggalaxies: active - galaxies: BL Lacertae objects - radiation mecha-
nisms: non-thermal
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1. Introduction

One of the main scientific objectives of tidTEGRALmission is performing a survey of
the sky in a mostly unexplored region of the electromagrsiectrum: from the hard X-ray to
the softy-ray band. Since its launch in October 2008TEGRALhIas used the unprecedented
imaging capabilities of IBIS (Imager on Board INTEGRAL Sparaft: ?) coupled with those of
ISGRI (INTEGRAL Soft Gamma-Ray Image?). Combining data from these two instruments,
it is possible to generate images of the sky with a 12 arcmuil (idth Half Maximum, FWHM)
resolution with typical source location accuracy-ofl.-3 arcmin over a-19 degree (FWHM) field
of view in the energy range 17-1000 keV.

The fourth softy-ray source cataldg(?) (hereinafter 4IC) obtained with the IBIS-ray
imager on board thtNTEGRALsatellite lists 723 hard X-ray/soft-ray sources. In particular,
the 41C substantially increased the extragalactic sky @meincluding both transients and faint
persistent objects that can only be revealed with long exgosbservations?}.

Several observations at low energies have been alreadyrped to decrease the number
of the unidentifiedNTEGRALOoDbjects (UISs) (see e.d???, for optical and X-ray observations
of UISs); however, a considerable fraction of the 4IC sosiraee still completely unidentified.
According to the 4IC, there are 113 UISs, corresponding twah6% of the whole catalog, and
178 other sources have uncertain classification. The lafigegion (i.e., 35%) of the associated
INTEGRALsources are Active Galactic Nuclei (AGN), compared to 31e#tdied as Galactic
sources ?). For comparison, the 58-month catalog of observation tie BAT hard X-ray
detector? on board theSwift observatory, lists 1092 objects detected in the 14-195 kedfgy
range, with 86 unidentified hard X-ray sources liste®d)(

Recently, using th&VISEall-sky IR survey, we discovered that blazars, the largesiin
~-ray class of AGN, can be separated from other extragalaoticces using IR color®( here-
inafter Paper I). We used the magnitudes of the re?#8EIR all-sky survey performed at 3.4,
4.6, 12, and 22:m with an angular resolution of 6.1, 6.4, 6.5 & 12.0 arcsec aitd 50 point
source sensitivities achieving 0.08, 0.11, 1 and 6 mJy, sonfused regions on the ecliptic, re-
spectively. The absolute (radial) differences betwddSE source-peaks and “true” astrometric
positions anywhere on the sky are no larger thaf.50, 0.26, 0.26, and 1.4 arcsec in the four
WISEbands, respectively?|°.

Ihttp://irfu.cea.fr/'Sap/IGR-Sources/
2http://heasarc.nasa.gov/docs/swift/results/bs58mon/

Shttp://wise2.ipac.caltech.edu/docs/release/prekpsep/secBg.html
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Moreover, we investigated a sample of blazars detecte/I8Eand associated withermk

LAT sources to characterize their HRray properties?, hereinafter Paper Il). This was the first
step to develop a new association method for the unidentjfieayy sources, able to recognize if
there is ay-ray blazar candidate within their positional error reg{@R, hereinafter Paper Ill and
Paper IV, respectively). With this new IR diagnostic took searched fof-ray blazar candidates
within the unidentifiedy-ray source sample of the 2FGl-ray catalog, and for the first time we
have been able to provide a candidate counterpart for 18@fdt3 unidentifiedy-ray sources
analyzed, having the same IR properties asthay emitting blazars (see Paper IV).

In this letter, we apply this association procedure to tdsttiver there is a possibteray
blazar candidate for the UISs using théltSEIR colors. For the selectegray blazar candidates,
we also searcBwiftpointed observations for the presence of an optical-UVand/ray counter-
part. This letter is organized as follows: in Sectiftwe describe the UIS sample selected for our
investigation; in Sectior?? we illustrate the basic details of our new association nesthmat, in
Section??, we apply to the UISs. Sectid?? is devoted to the optical-UV-X-ray counterparts in
the Swiftobservations available. Our results are discussed in@e2

2. The sample selection

In the 41C there are 113 sources that are completely uniitkhti.e., Type =?, according to
Table 3 in?), while there are 97 sources that are indicated as unidsshtifansients (i.e., Type
=?,T, according to Table 3 i). In addition, within the 4IC, there are also 32 AGN sourcés o
uncertain type (i.e., Type =AGN?) and another 49 objects with uncertain classification.

In this letter, we only considered the 86 UISs out of 113 &istethe 4IC that lie in the portion
of the sky covered by the&/ISEPreliminary Source catalog.

3. TheWGSassociation method

In Paper lll, using a subsample of the ROMA-BZCAT blazar ag&???), detected byWISE
and associated withermi-LAT sources (Papers Il and Ill), we presented the paramaton of
the WISE~-ray strip WGS based on thstrip parameters. This parameter, ranging between 0
- 1, provides an estimate of the distance betweerVif@&@Sand the location of a generWISE
source in the IR color parameter space, and it is weighteth®errors on all the IR colors. We
distinguished betweeWISEsources that lie in the subregion of tGSoccupied by the BZBs
and BZQs using the, ands, parameters separately (Paper IlI).
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In Paper IV, we presented the association method based dvi@®8parametrization. For each
unidentifiedy-ray source we defined theearching regiorcorresponding to a circular region of
radiusR equal to the semi-major axis of the elliptical source lamatiegion at 99.999% confidence
level, centered on the-ray position given in the 2FGL catald®)(

We calculate the IR colors for eveWISEsource that lies within theearching regioras well
as theirs, ands, parameters. Given the distributions of gen&ltSEsources in random regions
of the sky, we distinguish three classesyafay blazar candidates on the basis of tgiand/ors,
values:

e class A:WISEsources with 0.24& s, < 1.00 and 0.3& s, < 1.00;
e class B:WISEsources with 0.24& s, < 1.00 or 0.38< s, < 1.00;

e class CWISEsources with 0.16< s, < 0.24 and 0.14& s, < 0.38.

All the WISEsources withs, <0.10 ors, <0.14 are considereoutliers of the WGS Sources of
class A are the rarest with respect to the other classesrRépe

Our association procedure consists in ranking alth8Esources within theearching region
of an unidentifiedy-ray source as described above and indicating asay blazar candidate the
positionally closest source belonging to the highest cladsr association procedure provides
a completeness of 87% based on thposteriorire-association of the ROMA-BZCAT blazars,
detected byVISEand associated withermiLAT sources.

4. ~-ray blazar candidates among the unidentifiedNTEGRALsources

We applied our new association method to the case of the 86 Eifected above. This
process allows us to verify if there isyaray blazar candidate within the positional error region of
each UIS analyzed.

We considered agearching regiorwith radius equal to the position error at 90% confidence
level, as reported in the 4IC catalog; then, we estimatetRWISEcolors for all the sources that
lie within the searching region

Running our association procedure, we found that 68 out dJE&s have only outliers of
the WGSIying in their searching regionswhile within the remaining 18 UISs we found-+4ray
blazar candidates of class A, 12 of class B and 2 of class CahteTl, we present the list of
~-ray blazar candidates found for the 18 UISs together widr tR colors, as well as the, and
s, parameters. We also estimated the probability to find a geM&liSEsource with the same
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values in 36 random circular regions of tAdSEsky having the same radiug of the searching
regions We found that this is smaller than 10 We note that the positional accuracy of the UISs
is aleast order of magnitude better than that of the unitiedtj-ray sources in 2FGL.

Summarizing our results, we found M8ISE~-ray blazar candidates that could be candi-
date counterparts of the corresponding UISs responsibliagéohard X-ray emission detected by
INTEGRAL

5. ~-ray blazar candidates observed bySwift

We found that among the-ray blazars selected according to our association proeed0
candidates out of 18 have at least d@wift pointed observation. In addition, none of these
ray blazar candidates hasyaray counterpart in the 2FGL. We reduced and analyzed tSesk
observations to verify if thes&/ISE~-ray blazar candidates have an optical-UV or soft X-ray
counterpart. Here we report the data reduction and angbyersedures used in o8wift data
analysis. The comparison between 8wiftand theWISEimages will be presented in Sectidf.

5.1. UVOT data analysis

We followed the same UV-Optical Telescope (UVOT) reductoocedure described ir??P)
consequently, here we report only the basic details.

Several filter combinations are available for UVOT obseorat; however, we note that not all
the optical and UV data are available for each source. Thecten algorithmUVOTDETECT
was used to confirm the presence of the optical-UV countegb#ine~-ray blazar candidates. We
then performed the photometric analysis usingiheOT SOU RC'E tool. Counts were extracted
from a @ radius aperture in th&, B, andU filters and from a 12radius aperture for the other
UV filters (UVW 1, UV M2, andUVW?2), to properly take into account the wider Point Spread
Function in these bandpasses. The count rate was correntedihcidence loss, and the back-
ground subtraction was performed by estimating its levariroffset circular region at 2drom
the source.

The correction for the interstellar reddening was obtaiagsiming theZ(B — V') values
from Schlegel et al. (1998) and the corrections describé&thndelli et al. (1989), while the fluxes
were derived with the same conversion factors given by Gioetral. (2006).



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

—6—

5.2. XRT data analysis

The X-Ray Telescope (XRT) data reduction used in the folhgns also the same one de-
scribed in ?7); here we only report the basic details.

The XRT data analysis has been performed withXhel' D AS software (v. 2.1), developed
at the ASI Science Data Center (ASDC) and distributed withenHEAsoft package (v. 6.10.0).

Event files were calibrated and cleaned with standard filgerriteria using th&RTPIPELINE
task, combined with the latest calibration files availablethe Swift CALD B distributed by
HEASARC. Only events in the energy range 0.3-10 keV with gsad-12 were used. When
more than a singl&wift pointing of each source has been performed and is availakiéwhe
Swiftarchive, we combined several low S/N observations, becteséhe co-added X-ray im-
age increases significantly the source detection. No sigesbf pile-up were found in our XRT
observations.

Given the low exposure of th8wift observations it was not possible to carry out a detailed
spectral analysis, so unless stated otherwise we used tibetida algorithmdetect, a tool of the
XIMAGE package for all th&wiftobservations. Théetect algorithm locates the X-ray point
sources using a sliding-cell method taking into accountabverage background intensity. The
position and intensity of each detected source is calaliiaséng a box whose size maximizes the
signal-to-noise ratio. This detection algorithm has beearesively used in the Swift serendipitous
survey in deep XRT gamma-ray burst fields (see &stor additional details). Statistical and
systematic uncertainties on count rates are added quzalhati

Finally, we measured the net count rates for each detecfed-say source and we converted
them into fluxes assuming a power-law spectrum with speictdaix 1 and using WEBPIMMS

6. Results on theSwiftanalysis

Applying our new association procedure developed for thielantified ~v-ray sources of
FermiLAT to the UISs, we found that 18 sources out of the 86 analyzave ay-ray blazar
candidate as possible counterparts. We note that this neeciaion method proposed for the
unidentifiedy-ray sources oFermiLAT does not have the same efficiency when applied to soft
~-rays and/or hard X-rays. In fact, in tkermiLAT energy range (i.e., 30 MeV - 10 GeV) blazars
are the largest known-ray population ?), while the hard X-ray band is generally dominated by
the emission of different classes of AGN, such as Seyfedxgas, which constitute- 24% in

“http://heasarc.nasa.gov/Tools/w3pimms.html



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

181

182

184

185

186

187

188

189

190

191

192

193

194

—7-

comparison with the 2.4% for blazars already associatedamtC. This implies that theVISE
~-ray blazar candidates are not necessarily the low-energyterparts of the UISs.

The relation between the IR spectral shape inWH&Eenergy range and that in therays
is based on our association method (e.g., Paper Il). On Hex baind, in hard X-rays there is not
yet evidence of a correlation between the IR and the X-rayssiom of blazars, thus the eventual
association between thM¢ISE~-ray blazar candidate and the UISs is less robust that inabe af
theFermi-LAT sources.

For 10 out of thel8VISE~-ray blazar candidates, we also found optical-UV and X-ray o
servations available in th®wiftarchive that could be helpful to verify if they are the loweegy
counterparts of the UISs. We found that 7 out of theAlBE~-ray blazar candidates in tigwift
archive have a clear counterpart in X-rays and in the optidabands, showing a typical Spec-
tral Energy Distribution (SED) dominated by non-thermaligsion, as for the two cases shown
in Figure ??, where J035651.52+624553.8 has also a radio counterpartatarcsec from the
WISEposition. In Table 1, we report tHiITEGRALname together with th&/ISE~-ray blazar
candidates, the J2000 coordinates RA and DEC, the distaeteesbn thé/NISEsource and the
INTEGRAL position in arcsec, th&/ISEcolors (i.e.,ci2 = [3.4] — [4.6], co3 = [4.6] — [12],
co3 = [12] — [22]), thes, and thes, derived from outWGSmethod, theSwiftUVOT detections and
the Swift XRT detections with the X-ray counts in the soft (0.3-1 keviflan the hard (i.e., 1-10
keV) bands together with the X-ray hardness r&fi& derived from the net number of counts.

For remaining thre®VISE~-ray blazar candidates we did not find a clear counterp&aBniit
observations. This result could be due to the short expesirhe archival observations.

However, we note that in the above 10 candidatesSthigt XRT flux is not in agreement with
the extrapolation of th&€NTEGRALspectrum, which is generally one order of magnitude larger
than theSwift XRT estimate. This discrepancy is not sufficient to excluddehlazar association
of the UISs because blazars exhibit rapid X-ray variahilitgwever, the it could suggest that the
blazar is not the most probable low-energy counterpartferuiSs, in agreement with the fact
that they are not the dominant class of AGN in the hard X-raje note that the/-ray blazar
candidates found with our method &8 SEsources, detected in all foWVISEbands, in particular
at 22 um as the case of IGRJ14548459 shown in Figur@?, for which theWISEcandidate
counterpart appear to have the IR colors of blazars.

In Figure?? and Figure??, we also show the comparison between the soft X-ray and the
optical-UV images ofSwift with the WISEIR data, for the FOV of two examples of UISs cen-
tered on the positions of our-ray blazar candidates: IGRJ06523+5334 and IGRJ136630,
respectively.
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Fig. 1.— The SEDs of two example WWISE~-ray blazar candidates: J035651.52+624553.8
and J065231.40+533131.1. The dashed line in the left panéha typical log-parabolic
model adopted to describe the non-thermal SED of JO35656Z1553.8 while in the case of
J065231.40+533131.1 a simple power-law, over 6 orders gnihale, has been used. As de-
scribed in Sectiof??there is discrepancy between the XRT fluxes and thotdTEGRALthat do

not support the blazar association of the UIS.

Fig. 2.— TheWISEIR images at 3.4m, 4.6um, 12um, 22um, respectively for the Field of View
(FOV) for IGRJ14549-6459, centered on the position of theay blazar candidate. TH&ISE
~-ray blazar candidate is highlighted with the green crogbéncenter of th&VISEimages. It is
clear that the source selected with our association methtteionly one detected in allWISE
bands.
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7. Summary

We applied our new association method successfully usetthéounidentifiedy-ray sources
in the 2FGL to the UISs to test if it is possible to fiNdISEblazar counterparts at low energies
responsible for the hard X-ray emission detectetNbyEGRAIlwithin thesearching regionsf the
UISs.

We found that 18 out of 86 UISs analyzed clearly have a blazanterpart within theearch-
ing regions and for 10 of them als&wift archival observations are available. However, for the
latter 10 sources iBwiftwe did not find a good agreement between $waft X-ray flux and the
one estimated by the extrapolation of iNNfTEGRALspectrum. Thus, we are not able to confirm
if the WISE~-ray blazar candidates found with our method could be aatstiwith the UISs
considered.

On the other hand, one crucial result arises from our arslyge found that th&VISE~-ray
blazar candidates selected from our method in these s@itndi Swift observations of the UIS
fields of view have clear optical and/or UV and soft X-ray ctuparts. This is strongly in agree-
ment with the expectations driven by their blazar naturis.vitorth noting that J035651.52+624553.8
has also a radio counterpart and in addition, the SEDs oEMASE~-ray blazar candidates are
in agreement with a non-thermal shape over several ordenaghitude.

Finally, we remark that future follow up observations, imtpgaular spectroscopic optical data,
are necessary to clarify the nature of WéSE~-ray blazar candidates and consequently the nature
of the UISs (see e.g???).

We thank the anonymous referee for the his/her comments.r&\grateful to D. J. Thomp-
son for all his comments helpful toward improving our préagon. F. Massaro is grateful to H.
Smith, J. Grindlay, M. Ajello, E. Bottaccini for their helgfdiscussions. The work at SAO is sup-
ported in part by the NASA grant NNX10AD50G and NNX10AD68G.RAbrusco gratefully
acknowledges the financial support of the US Virtual Astroical Observatory, which is spon-
sored by the National Science Foundation and the Nationarfseitics and Space Administration.
TOPCAT (?) and SAOImage DS9 were used extensively in this work. Patiefwork is based
on archival data, software or on-line services providedigyAS| Science Data Center. This pub-
lication makes use of data products from the Wide-field heflaSurvey Explorer, which is a joint
project of the University of California, Los Angeles, ane thet Propulsion Laboratory/California
Institute of Technology, funded by the National Aeronasiacid Space Administration.

Shttp://lwww.star.bris.ac.uk/mbt/topcat/
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INTEGRAL WISE RA DEC distance cq co c3 sp sq UVOT/ XRT counts counts
name name (deg) (deg) arcsec detec. 0.3-1 keV 1-10 keV|
| class A sources |
IGRJ04442+0450 J044415.86+045126.6 71.07 4.86 88.17 (aLasy 3.06(0.03) 2.81(0.05) 0.43 0.75 - - -
IGRJ06523+5334 J065231.40+533131.3 103.13 53.53 219.42.02(0104) 3.01(0.06) 2.45(0.13) 0.30 0.43 nly 18 41
IGRJ14549-6459 J145523.80-650002.5 223.85 -65.00 212.201.09(0.03) 2.71(0.03) 2.43(0.03) 0.91 0.92 nly - 38
IGRJ16413-4046 J164122.31-404714.5 250.34 -40.79 28.13 .73(M04) 2.05(0.03) 1.36(0.03) 0.94 0.39 n/n - -
class B sources
IGRJ03502-2605 J035018.94-260423.6 57.58 -26.07 116.77 .12(0L.04) 2.51(0.07) 2.33(0.22) 0.26 0.31 n'y 10 2
IGRJ03564+6242  J035651.52+624553.8 59.21 62.76 264.69 87(W04) 2.40(0.06) 1.93(0.22) 0.35 0.17 nly 19 12
IGRJ07225-3810 J072228.14-381457.6 110.62 -38.25 293.051.06(0.05) 2.68(0.09) 1.89(0.20) 026 0.24 - - -
IGRJ13045-5630 J130431.77-563058.5 196.13 -56.52 58.56 .94(M03) 3.30(0.03) 2.71(0.03) 0.00 0.69 nly 4 40
IGRJ13107-5626 J131037.06-562654.3 197.65 -56.45 29.06 .29(0LO3) 2.78(0.03) 2.26(0.04) 0.00 0.84 - - -
IGRJ15293-5609 J152900.40-560830.4 232.25 -56.14 149.87.82(0.06) 2.44(0.06) 2.39(0.07) 0.43  0.29 - - -
IGRJ15311-3737 J153051.78-373457.1 232.72 -37.58 211.38.87(0.03) 2.17(0.03) 2.05(0.06) 070  0.29 yly 45 220
IGRJ16560-4958 J165551.96-495732.3 253.97 -49.96 59.51 .75(M05) 2.28(0.04) 2.05(0.08) 0.52 0.22 - - -
IGRJ17314-2854 J173111.38-285701.8 262.80 -28.95 180.78.34(0.03) 1.25(0.02) 0.88(0.03) 0.00 0.44 - - -
IGRJ17448-3232 J174440.89-323155.8 266.17 -32.53 89.35 .64(M04) 1.88(0.03) 1.19(0.05) 0.45 0.30 n/n - -
IGRJ19552+0044 J195504.07+004421.0 298.77 0.74 106.47 04(QL05) 2.72(0.08) 2.18(0.25) 0.29 0.29 - - -
IGRJ20450+7530 J204522.41+753057.4 311.34 75.52 90.73 87(W04) 2.29(0.08) 2.30(0.29) 0.27 0.16 yly 17 52
| class C sources |
IGRJ13550-7218 J135453.52-721422.4 208.72 -72.24 217.521.12(0.07) 2.49(0.10) 2.37(0.28) 0.17 0.22 n/n - -
IGRJ16388+3557  J163901.61+355510.7 249.76 35.92 200.60.07(0105) 2.75(0.10) 2.64(0.26) 0.19 0.23 - - -

Col. (1)INTEGRALnhame

Col. (2) WISEblazar candidates

Cols. (3, 4) the J2000 coordinates RA and DEC

Col. (5) the distance between tité SEsource and thtNTEGRALposition in arcseconds

Cols. (6,7,8) thaVISEcolors (i.e.cq = [3.4] — [4.6], co = [4.6] — [12], co = [12] — [22]); the 1o errors are reported in parenthesis.

Cols. (9,10) thes;, and thes ; derived form our WGS method
Cols. (11,12) th&SwiftUVOT detections and thBwift XRT detections
Cols. (13,14) the X-ray counts in the soft (0.3-1 keV) anchie hard (i.e., 1-10 keV) band, respectively
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IGRJ06523+5334

XRT 0.3-10 keV

Fig. 3.— TheWISE3.4 um IR contours (green) overlaid on ti&wift optical-UV and X-ray
images, for the FOV of IGRJ06523+5334, centered on theipasiff the selectedVISEblazar
candidate. It is clear that th&ISEblazar candidate (red arrow) has a clear counterpart inatte s
X-rays and in the optical-UV bands.

IGRJ13045-5630

XRT 0.3 - 10 keV 1 B UVOT U filter i UVOT UW1 filter

Fig. 4.— Same of Figur@? for the IGRJ 130455630 FOV.



