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ABSTRACT

We report on the results of X-ray and radio follow-up observations of two GeV
gamma-ray sources 2FGL J0923.5+1508 and 2FGL J1502.1+5548, selected as
candidates for high-redshift blazars from unassociated sources in the Fermi Large
Area Telescope Second Source Catalog. We utilize the Suzaku satellite and the
VLBI Exploration of Radio Astrometry (VERA) telescopes for X-ray and radio
observations, respectively. For 2FGL J0923.541508, a possible radio counterpart
NVSS J092357+150518 is found at 1.4 GHz from an existing catalog, but we do
not detect any X-ray emission from it and derive a flux upper limit F5_gv < 1.37
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2571, Radio observations at 6.7 GHz also result in an upper limit

x 10714 erg cm™
of Sg.7cn, < 19 mJy, implying a steep radio spectrum that is not expected for a
blazar. On the other hand, we detect X-rays from NVSS J150229+555204, the
potential 1.4 GHz radio counterpart of 2FGL J1502.14-5548. The X-ray spectrum
can be fitted with an absorbed power-law model with a photon index v = 1.87)3
and the unabsorbed flux is Fy_ gy = 4.3715 x 1071 erg em=2 s='. Moreover,
we detect unresolved radio emission at 6.7 GHz with flux Sg7qn, = 30.1 mJy,
indicating a compact, flat-spectrum radio source. If NVSS J150229+555204 is
indeed associated with 2FGL J1502.1+5548, we find that its multiwavelength

spectrum is consistent with a blazar at redshift z ~ 3 — 4.

8 Subject headingsgalaxies: active — radiation mechanisms: nonthermal — gamm

9 rays: general — X-rays: general

10 1. INTRODUCTION

1 Blazars, a subclass of active galactic nuclei (AGN) witlatiglstic jets whose beamed emis-

12 Sion is seen within a small angle to our line of sight, are ditb@most extreme types of gamma-
13 ray emitting objects. The Large Area Telescope (L|AT; Atwmal.QO_Qb) onboard theermi

12 Gamma-ray Space Telescope has detected GeV gamma-rayoerfrise1 781 blazars, whose red-
15 Shifts have been identified up to z = 3.214 (Nolan etal. bbﬂmmi@il). Thisis a
1s dramatic increase compared to the Third EGRET Catalog ohHigergy Gamma-Ray Sources
17 (BEG catalogLHaLtman_e_tJMQQ) that contained 66 higifidence identifications of blazars.
18 The number of blazars with identified redshifts>z2 has also increased from seven in the 3EG
19 catalog to 43 in the 2FGL catalog, and three of them have riéslgh> 3. The most distant blazar
20 detected byrermi-LAT to date is PKS 1402+044 (2FGL J1405.1+0405) with a rédtghs 3.214,

21 While the most distant blazar currently known is QOQO6+6®Qnanj_el_a|lL_20_di;_RQma|l|]j_2d06)

22 With a redshift z = 5.47.

2 Searching for distant blazars is important because 1) tet@ction would contribute to our
22 further understanding of the cosmological evolution ofzbla and their host supermassive black
2 holes (e.gbLQbEIIE_[LeLH.._ZQIll), and 2) they can serve aslie beacons for probing inter-
26 galactic environments in the early Universe. Gamma-rays fdistant sources can be absorbed
27 through two-photon pair production interactions with sofphotons of the extragalactic back-
2s ground light (EBL) (e.d. Stecker etlal. 2006; Franceschiai 2008 Inoue et al, 2012, ; and refer-
20 ences therein). By analyzing their gamma-ray spectra, weaastrain or potentially measure the
s gamma-ray opacity and the EBL in a redshift-dependent mméﬁgLAbﬂD_ele.Qﬂ’_eﬂ al.

31 ;. Ackermann et al. ZQﬂda; Abramowski éLMOlB). Farrtiore, we may obtain unique in-
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22 Sight into the cosmic reionization epoch with gamma-raysesiat: = 6 thJLZD_Qh.LLDQ_UB_e_t_&I
[2012).

3 Employing a model of the blazar gamma-ray luminosity fumttbased on EGRET observa-
s tions, the X-ray luminosity function of general active gaie nuclei (AGN) and the optical lu-
ss Minosity function of quasars by the Sloan Digital Sky Sur(/ﬁDSS)l_Lng_u_e_el_élLlell) showed
a7 thatFermi-LAT may be able to detect blazars with redshifts up to z=65fter a five-year survey,
e assuming a correspondif@rmi-LAT flux detection limit of F& 100 MeV) = 1x10~Y photons
sscm~2 s~ Such distant sources are expected to be faint with fluxespaoable to the detection
s limit. During the first two years of operatiofermiLAT has detected many faint gamma-ray
a1 Sources, but most of them remain unassociated with knovasetaof astronomical objects. We
12 Speculate that some of them may indeed be blazars with sidalty high luminosities but high
13 redshifts, z> 3.

a4 The spectral energy distributions (SEDs) of luminous biagpically consist of two, broadly

s peaked components. The low energy peak extending from the t@optical/UV bands is under-

s Stood as synchrotron emission from relativistic electrmngositrons, while the high energy peak
7 covering the X-ray and gamma-ray bands is widely believédxtprimarily inverse Compton emis-
s Sion. In order to identify unassociated gamma-ray sourddshazars, multiwavelength charac-
1 terization of their SEDs, particularly of the above two caments, is essential. Since there already
so exist several deep radio and optical surveys that coverge fraction of the sky, we can utilize
s1 them for the purpose of clarifying the SEDs. On the other han¥-rays, deep observations with
s2 sensitivities reaching- 1074 erg cnT? s~! are limited to pointing observations, which have been
ss carried out only for the brighter unassociatestmiLAT sources. Therefore, we conducted new
s« X-ray observations using ttguzakisatellite. Observing in X-rays also has the merit of potaiyti

ss discovering high-energy variability, a crucial charaistiec of AGNs. We also carried out radio ob-
s6 Servations at 6.7 GHz frequency, higher than in availabi@ogs, to clarify the radio spectra using

s7 the VLBI Exploration of Radio Astrometry telescopes (VEFJKO_I:@@SMt_a“. ZQd)S).
58 In this paper, we report on the results of our radio and X-ifageovations of two radio sources

so that are selected as counterparts of possible distant galayridazars. In the following section,
s We outline criteria for selecting distant blazars fréermi-LAT unassociated sources and apply
&1 them to the 2FGL catalog. Then we describe the details of adiorand X-ray observations,
sz data reduction, and analysis procedure. We present this@$wur observations in Sectignh 3.
ss Finally, we discuss the properties of the gamma-ray sodrassd on the available multiwavelength
s« iInformation.
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6 2. OBSERVATIONSAND DATA ANALYSIS
66 2.1. Source Selection
67 In the 2FGL catalog, detection of point sources involvesatiag through three steps as de-

ss SCribed in detail irLNQIan_el_bIL_(ZdR): (1) identificatiohpmtential point sources, denoted as
e “seeds”; (2) a full all-sky optimization of a model of theray sky including the new seeds to
70 refine their estimated positions and evaluate their sigmfies; and (3) creation of a “residual test
7 statistic (TS) map.” The TS is evaluated as TS = 2(fif{gource)— log £(nosource)), wher&

722 represents the likelihood of the data given the model witlvitihhout a source present at a given
73 position on the sky. To evaluate the fluxes and spectral peteas) the sky was split into 933
72 Regions of Interest (Rol) in order to make the I8gnaximization tractable. The source photon
75 fluxes are reported in the 2FGL catalog in five energy band3<300 MeV; 300 MeV to 1 GeV,

% 1-3 GeV; 3—-10 GeV, 10-100 GeV). The fluxes were obtained lbgzing the spectral index to
77 that obtained in the fit over the full range and adjusting tbemalization in each spectral band.
s For bands where the source was too weak to be detected, tlitbs€Svin the band TS< 10 or

7o relative uncertainty on the flua F;/F; > 0.5, 2r upper limits were calculated;"".

80 In order to select candidates for distant gamma-ray blaizars FermiLAT unassociated

81 sourcesL_Iﬂ_o_u_e_eLbL_(Zdll) suggested source selecttenzihased on expected multiwavelength
g2 Spectral features. In this paper, we apply these criteractoalFermiLAT unassociated sources
ss from the 2FGL catalog with some small modification, as suniredrbelow. First of all, since
s high-redshift blazars are naturally expected to be faint eeriable, we select faint gamma-ray
ss sources with flux~ 1071 photon cm? st in the 1-100 GeV band, as well as with significant
gs vVariability, identified at 99 % confidence with the relatio®,], > 41.64 in terms of the vari-
g7 ability index TS,, as defined in Eq. (4) &_Nglan_edmu). Second, the sswheuld have

g8 SOft gamma-ray spectra with power-law photon indifes 2.3 as measured through spectral fit-
s ting in the 100 MeV— 100 GeV range, in accord with the “blazar sequence” (F |L9_Qb;

o0 Kubo et Q“LQ_QS), the observed tendency for the SEDs of morgnlous blazars to have lower
o1 peak frequencies for the synchrotron and inverse Comptmpoaents, despite ongoing debate as
2 to whether the blazar sequence is an intrinsic physicalgtgpf blazars or simply due to obser-
« vational biases (Padovani et Mb? Giommi ét al. lZOlE)rthhe sources should additionally
s have a compact radio counterpart with intensity?20 mJy. Finally, they should either lack an
o5 optical counterpart or show evidence of a Lyman break in fhtecal band due to absorption by
s intergalactic neutral hydrogen.

o7 To search for gamma-ray sources that meet the above criteziaeed radio and optical cat-
s alogs covering a large fraction of the sky. The optical agahould also have data in multiple
s color bands in order to allow examination of Lyman breaks.this purpose we utilized the Eighth
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100 Data Release of the Sloan Digital Sky Survey (SDSS catb_lﬂ:mra_e_t_aﬂ_zmll), for which data
101 are available in five colors. Therefore our study is limitedhie gamma-ray sources in regions
102 Of the sky with SDSS coverage. For radio counterpart searchie used the NRAO VLA Sky
103 Survey (NVSSt Condon et . 1Q98) with sky coverage of b-40° at 1.4 GHz frequency. Addi-
104 tionally, we examined only gamma-ray sources at high Galéatitudes (b| > 10°) so as to avoid
10s cOntamination by Galactic sources.

106 After the selection, two unassociatedrmiLAT sources remain, 2FGL J0923.5+1508 with
107 TS, = 60.36 andI” = 2.33, and 2FGL J1502.1+5548 with T.$ = 46.61 andI" = 2.65. Each
10s has a candidate radio counterpart detected at some fregushthe radio counterparts collected
100 from the available radio catalogs are listed in Tdble 1. N\8$2357+150518 is a possible 1.4
110 GHz counterpart of 2FGL J0923.5+1508 and we could not fincogtizal counterpart in the SDSS
1 catalog. NVSS J150229+555204 is a candidate 1.4 GHz cquantesf 2FGL J1502.1+5548. For
112 this radio source, we find an optical counterpart with evigeaf intergalactic attenuation in the
u3 U band in the SDSS catalog, SDSS J150229.04+555205.2 wighituades u> 22.3, g = 19.80,
114 r =19.35,i=19.06, and z 20.8, where we quoteo5upper limits for the u and z banmb
) Central wavelengths for each color band are Fe686A, 6166A, 7480A, and 89324
116 for u, g, r, i and z, respectively. The non-detection in theaadmay be due to saturation by the
17 nearby bright star SDSS J150228.45+555209.4 (with magestu = 13.62, g = 11.98, r = 11.40,
us 1 =11.22,z = 11.16), in addition to the low sensitivity in théand. If we assume that the Lyman
1o break lies in between the u and g bands, the redshift of thisalgounterpart should be 3 — 4.
120 Both radio sources are the brightest in BFeemiLAT error region. Since the radio counterpart did
121 NOt have X-ray counterparts in any available archival Xgatalogs, deep X-ray observations were
122 required to study the multiwavelength properties of thesgces. Thus we utilized th8uzaku
123 Satellite for this purpose. Additionally, we conducted rradio observations at frequencies higher
122 than 1.4 GHz using VERA to clarify the spectrum and morphyplofithe radio emission. The two
12s gamma-ray sources are listed in TdBle 2 together with soteeamt parameters from the 2FGL
126 catalog andSuzakuwbservation logs.

127 2.2. SuzakwObservations and Data Reduction

128 The observations were conducted with the three X-ray Intp8§pectrometers (XI al.
@) and the Hard X-ray Detector (HXD_KQKQMH@LJMMAD@?) The XIS

130 detectors are composed of four CCD cameras, one of whichl{XSback-illuminated and the

11 Others (X1S0, X1S2, and XIS3) front-illuminated. The optewa of XIS2 ceased in 2006 November

132 because of contamination by a leaked charge. Since none sfulied sources have been detected

133 With the HXD, below we describe the analysis of only the XI$addhe XIS were operated in the
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134 pointing mode and the normal clocking mode, combined wightto editing modes & 3 and 5
135 X 5.

136 We conducted all the data reduction and analysis WHEADAS software version 6.11 and
137 the calibration database (CALDB) released on 2012 Febrb@ryirst, we combined the cleaned
138 event data of the two editing modes usk®el ect . Then we removed the data corresponding to
130 periods when th&uzakisatellite was passing through the South Atlantic AnomalyABand up

140 t0 60 sec afterwards, as well epochs of low-Earth elevatighes (less thah®). We also excluded
11 the data obtained when tf8uzakuwsatellite was passing through regions of low Cut-Off Riyidi
12 (COR) below 6 GV. In addition to the above data reduction,dhta obtained by XIS1 required
13 removal of events in the rows next to the charge injected (gesond trailing rows), because the
s Increased amount of charge injection has led to an increafigei NXB level since June 2011.
1ss Finally, we removed hot and flickering pixels usisgscl ean (Day et QHLQQS).

146 2.3. SUZAKUDATA ANALYSIS

147 We extracted X-ray images from the two operating frontailoated CCDs (XISO and XIS3).
1s Then, Non X-ray Background (NXB) subtraction and an expesarrection were applied to the
19 eXtracted images. After that, we combined the X-ray imaged®0 and XIS3, which were then
1s0 finally smoothed using a Gaussian function with= 0’.28. The resulting images are presented
151 iN Figuresl and]2 and discussed further in the seltion 3.tiBwal errors of each gamma-ray
152 Source taken from the 2FGL catalog and the positions of reglimces corresponding to candidate
153 distant blazars are also shown on each X-ray image with tipiekn ellipses and green crosses
154 Fespectively.

155 For further analysis, we selected source regions arounid @éatected X-ray source within
156 the 2FGL error ellipses. The radii of the source extractiegions were set ta’ or 2'. The

157 corresponding background regions with radiidfwere taken from the low count rate area in
158 the same XIS chips (dashed green circles). We set the dwmettieshold for X-ray sources at
10 40, based on the signal-to-noise ratio defined as the ratioeohtimber of excess events above
160 background to its standard deviation assuming a Poisstribdigon. The X-ray source positions
161 and the corresponding errors were estimated by 2D Gaustsan fi

162 Then, we conducted detailed spectral and timing analysadf detected X-ray source inside
163 theFermi-LAT error ellipse. For the timing analysis, light curvesrin the front-illuminated (X1S0,
16« XIS3) and back-illuminated (XI1S1) CCDs were summed aftétiacting the corresponding back-
1s grounds using cmat h. The light curves constructed in this way provide the netrtgates. To
166 quantify possible flux variations, @ test was applied to each light curve usingst at s. For
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167 the X-ray spectral analysis, we generated the RMF files ferditector response and the ARF
e files for the effective area using sr nf gen andxi ssi mar f gen (Ishisaki et QHLO_dY). When
180 generating an ARF file of XIS1, we set the option ‘pigagd = 327680’ to remove events in the
170 Second trailing rows. In order to improve the statistics,oombined the data from the two front-
1 illuminated CCDs usingat hpha without calculating the Poisson errors, and then combihed t
172 response files using thear f r nf andaddr nf commands. Uncertainties of the model spectral
173 parameters are computeddatc confidence levels. The results of the timing and spectrdyaisa

172 Of the two targeted sources are summarized in Tadble 3, andsdied below in more detail.

175 2.4. VERA Observations and Data Reduction

176 VERA observations of NVSS J092357+150518 and NVSS J150&2%204 were conducted

1770n 2011 Nov 10 and 11 using three stations of the VERA arraye difservations were done at
178 6.7 GHz, and the typical system noise temperature wd20 K, which was measured every 10
179 Minutes using the chopper-wheel dummy load at room temyeratVe recorded the left-handed
180 Circular polarization signal at the data rate of 1 Gbps, Wipiovides a total recording bandwidth
11 0f 256 MHz with two-bit quantization. Both sources were alisd for 40 minutes in total. The

182 cOrrelation processing of the data from the three VERA @tatiwas carried out using the Mitaka
183 FX correlator.

184 For the correlated visibility, we conducted the standardBVtalibration using the NRAO
1s AIPS package. The amplitude calibration was carried ouédas a priori calibration using the
186 System noise temperature obtained during the observationthe fringe search procedure, the
17 AIPS task FRING was used. First we searched fringes for thgdrfinder sources to calibrate
18 the clock offset and clock rate offset, and then by usingelwsck parameters, we searched for
180 fringes of NVSS J092357+150518 and NVSS J150229+555204rder to find fringes of faint
190 Sources, we used the following setup for the fringe searobgss: 1) integration time in the fringe
191 Search was set to be 5 minutes, which corresponds roughtydmairically-determined coherence
102 time of VERA at 6.7 GHz, 2) to reduce the probability of falsgettion, search windows of delay
103 and rate offsets were set to e 0 nsec andt-10 mHz, respectively (this window size corresponds
104 10 10 x 6 independent grids in the delay-rate window), and 3) we $etseline-based signal-to-
105 NOise ratio (SNR) cutoff of 2 as detection threshold, whiohresponds roughly to a minimum
106 detection flux of~ 20 mJy, and station-based fringe solutions were solved traseline-based
107 fringes beyond this detection threshold. For NVSS J092350%18, no station-based solutions
198 cONSistent with baseline-based fringes were obtained{tarsiwe conclude that this source was
199 NOt detected. On the other hand, for NVSS J150229+555204teeted possible fringes from all
200 the eight segments of 5 min data (coming from four 10-min sgaRor a consistency check, we
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201 have confirmed that delays of the fringes are consistentewtin other for all the eight segments.
202 While the baseline-based fringe search was done using low GNXbff (SNR of 2 corresponding
203 t0 95% confidence level), the consistency of the delay foreight different data points assures
204 that the false detection rate is as low as® and thus we conclude that the fringe from NVSS
205 J150229+555204 is a true detection.

206 3. RESULTS
207 3.1. NVSSJ092357+150518

208 In the observation of NVSS J092357+150518, we detect anyXaarce located- 1'.6 away

200 from the position of the NVSS source. We present the X-raygenabtained by th&uzakuXIS

210 in Figureldl. However, the pointing uncertainty ®fizakus estimated to bel 1’. Therefore, this
211 X-ray source is unlikely to be an X-ray counterpart of NVS92867+150518. To calculate the
212 X-ray upper limit, we determine a source region and a baakudaegion as indicated in Figurk 1
213 With solid and dashed lines, respectively. Then we caledlat 90% confidence level upper limit
212 for the X-ray flux of NVSS J092357+150518 by assuming an dlesbpower-law model with
215 fixed parameterd’y = 3.51x 10%° cm~2 (derived from Dickey & Lngmer(LQ;bO)) and a photon

a6 indexy = 2.0, resulting in 1.3% 10~ erg cnr? s,

217 The fringe of NVSS J092357+150518 was not detected by the A/BBservation, even
218 though we set a baseline-based SNR cutoff of 2 and wide sedardows in the fringe search
219 process. Therefore we conclude that this source is not téeteand estimate a correlated flux
20 Upper limit of Sg 7. < 19.0 mJy at approximately 30 Mat 2¢0. Herelo is the noise level,
221 Which is derived from the baseline sensitivity of the VERAZM$sawa— Ogasawara baseline. The
222 flux density of the central few milli-arcsec region of thisisge may be much fainter than the one
223 Obtained by previous observations as shown in Table 1, whia be due to an extended source
224 Structure that is partially resolved by VLBI.

225 3.2. NVSS J150229+555204

226 We present the X-ray image for the observation of NVSS J196225204 in Figurél2.

227 We detect an X-ray point source with a significance of &l1a2 the position coincident with
228 NVSS J150229+555204. The position of the detected X-raptowpartis [R.A., decl.] =[225.627(4),
220 55.872(4)]. For the detailed timing and spectral analysesjetermine extraction regions of back-
230 ground events and X-ray source events as shown in Higureelight curve of the X-ray counter-
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21 part with a time binning of 5760 s and its spectra are preséntEigures B anfll4, respectively. In
222 the timing analysis, the light curve can be fitted with a canstount rate withy?/d.o.f. = 11.7/13.

233 In the spectral analysis, we fitted the X-ray spectrum withlesorbed power-law model. The value
24 Of Ny = 1.46x10%° cm~2 was fixed as derived In Dickey & Lockman (1$90). This modeMpted

235 the best fit with a photon index = 1.8703 andy?/d.o.f. = 29.5/32. The derived unabsorbed flux
23 in the 2-8 keV energy range is 4.3, x 104 ergcnr2 s,

237 In the case of NVSS J150229+555204, we detected the fringesdbon the procedure in
238 Sectior.Z.4. The calibrated visibilities were then expibttecarry out an imaging procedure using
23 the Caltech Difmap package. As a result, we clarified the @angtructure of this source (Fig-
20 Ure[3), and the VLBI flux isSg 7¢x. = 30.1 mJy, which is derived from 2D Gaussian fitting to
201 the visibility data in the §-v)-plane using the taskodelfitin the Difmap.

242 3.3. Other Detected X-ray Sources

243 In addition to the X-ray counterpart of NVSS J150229+555204 also detected multiple
20 X-ray sources inside the 95% positional error regions ofghmma-ray sources as noted in the
25 2FGL catalog, although our observation did not cover the@etror regions. In the observation
226 O NVSS J092357+150518, we discovered four X-ray sourcasaite not listed in any previous X-
2a7 ray catalogs. Similarly, in the observation of NVSS J150e555204, we discovered two new X-
228 Fay point sources and detected two 1RXS (ROSAT All-Sky SySeurce CataloguéEg_s_e_{ al.
249 @glz—gob) sources (1RXS J150134.9+555047 and 1RXS J8xE54830), one of which is the
250 cluster of galaxies MHL 3150137.1+5550$_6_0ALQn¢$|l_al_1201Q)ay positions of these sources,
251 their detection significance, and the radii of event extoactegions are listed in Tabld 4 with
252 Source numbers that correspond to those marked in Higurd Eigore 2.

253 We also analyzed the light curves and spectra of these Xaayces. They? fit to the

254 light curves assuming constant fluxes resulted in only so&rto be statistically variable with
255 2/d.0.f. = 42.7/13. In the spectral analysis, we fitted allspectra with an absorbed power-law
256 model. For sources with moderate absorption, the valuesofvere fixed at those derived in
2s7Dickey & Lockman [(L9_9|O), and for sources resulting in bad fite tried other spectral models
258 and determined the best fit model. The best fit spectral maaelparameters are summarized in
259 Table|3.

260 For all the X-ray sources we detect inside the 2FGL erroromgi we searched for radio,
261 infrared, and optical counterparts from the VLA Faint Imagé the Radio Sky at Twenty-cm
262 EFIRST;.B_e_QKQLel_ALJQ;bS) Survey, the Wide-field Infrareav@y Explorer (WISEMI.

) All-Sky Source Catalog, and the SDSS catalog, resject\We take the sources nearest to

263
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264 the X-ray sources as counterparts and summarize them ie[@abl

265 4. DISCUSSION AND CONCLUSIONS

266 In this paper, we report on the results of X-ray and radioofetup observations as well
267 @S counterpart searches with existing multiwavelengtalegs for twoFermi-LAT unassociated
268 SOUrces that have been selected as candidate distantsblzased on the criteria described in
260 Sectior 2. For NVSS J092357+150518, the potential 1.4 Gidnteopart of 2FGL J0923.5+1508,
20 We do not detect X-ray emission and derive a stringent uppet fo the X-ray flux in the 2-8
n keV energy range of_g.v < 1.37 x 10714 erg cnt? s~1. The radio observation with VERA at
212 6.7 GHz also resulted in no detection with an upper limit @&, < 19 mJy. In Figuré€le(a), we
213 present the spectral energy distribution of 2FGL J09236B8lassuming NVSS J092357+150518
272 @S the radio counterpart. Combining with non-contemparamechival data at 74 and 365 MHz,
25 the radio spectral index is constrained todge> 0.94 where the radio flux,Sx =%, which

216 IS much steeper than typically expected for blazars. Naedtihough this steep radio spectrum
277 could already be inferred from the archival data alone, ewr npper limit at 6.7 GHz significantly
218 Strengthens the case. NVSS J092357+150518 is more likdlg tosteep spectrum radio quasar,
279 @ subclass of radio loud quasars with > 0.5 tLa.ndl_el_dlL_ZD_dM), in which case thermiLAT

250 SOUrce may be unrelated.

281 Onthe other hand, for NVSS J150229+555204, the potendi&Hz counterpart of 2FGL J1502.1+5548
22 We detect X-rays with a flud¥h,_gov = 4.3711 x 107 erg cnt? s~!. The photon index is
sy = 1.8"03, typical of AGN (Tozzi et all_2006; Mateos et 10), camifing the non-thermal
282 NAture of the X-ray emission from the radio counterpart. Ve detect radio emission with our
25 New VERA observation at 6.7 GHz with a flg -, = 30.1 mJy. In Figurd B(b), we present
286 the spectral energy distribution of 2FGL J1502.1+5548 wheopting NVSS J150229+555204
27 @S the radio counterpart. The radio spectral indexs 0.19+0.05, consistent with typical val-
288 Ues for blazarsd, < 0.5). The optical spectral index is, = 1.35, whereS « v~%. Given its

280 likely identification as a blazar, we can attempt to clas#ifig source from the peak frequency
200 Of the synchrotron component in the broad band spectraeSuwecdo not have observations cov-
201 €ring the actual peak frequency, we instead determine Hrvaad spectral indices,, (between
2 5 GHz and 50004) anda,, (between 50004 and 1 keV) wheref,, o< v~ and f,, oc v~

203 @S defined irh_AleLmaﬂn_Qt]aJL_(ZSbll). We estimate the radioogtical fluxes at 5 GHz and
204 5000 A by extrapolating the power laws measured in the radio andtagtands, respectively.
205 AS the u-band non-detection of the optical counterpart camterpreted as a Lyman break for
206 @ SOUrCe at ~ 3 — 4, we can assign a tentative redshift z = 3.5 (changing z-by0.5 level

207 does not significantly affect the results). Then the remti broad band spectral indices would
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208 b€ i, = 0.39£0.01 and a,,, = 1.31£0.08. According to Figure 7 olf_AQkﬂtmann_eﬂaJL_(Zd)ll),
200 blazars with these values can be either Intermediate Sgtronr Peaked (ISP) blazars or Low
a0 Synchrotron Peaked (LSP) blazars. Blazar SED sequencelsraxldiscussed |n Inoue & Tgténi
(@) and including intergalactic attenuation with theLEBodel oflm,l_e_et_dl.L(;O_iZ) are also
s02 plotted in Figuré B(b). The red dashed, green dot-dashedblaledsolid curves represent models
03 With @ gamma-ray luminosity,, = 10*"° erg s' at 100 MeV and assuming redshifts z = 3.0,
a2 3.5, 4.0, respectively. They provide a good match to thdaiai observations and the synchrotron
205 peak frequency of the model is consistent with LSP blazays( < 10'* Hz). Although these
a6 Simplified SED models are seen to overestimate the radiod]uxproper account of synchrotron
s07 Self absorption effects should bring them into better aged (e.g. L_R;LQI_QKI_&_L'Lghlma}Llﬁ)_Jm).

308 Based on the strength of their optical emission lines, Ibtazan also be classified into BL
a0 Lacertae objects (BL Lacs) with weak or no lines, or flat speutradio quasars (FSRQs) with
a10 Strong lines. The gamma-ray luminosity of these two claaseknown to be systematically dif-
a1 ferent, with that of FSRQs being higher and also showing hdrigatio relative to the synchrotron
a12 luminosity compared to BL Lacs. These facts have been irgggg in terms of emission mod-

aiz els where the synchrotron self Compton (SEQ, Maraschi ;| Bloom & Marsch érl_9;§6
suu[Tavecchio et ;;“_9:98) and external Compton (EC, Le_gMLSLQh Dermer et Al. ZdOZ) pro-
a15 cesses contribute to the gamma-rays at different levelgedcoh cIaSSL(Iﬂ_o_u_e_&lakahHLa_lb%,
kihls_elhﬂj_el_a”_zo_di_ZQiO). Blazars that are detectableigher redshifts are more likely to be
a7 FSRQs in view of their higher luminosities. As our purposeéoisind the most distant blazars,
a18 associations of our target sources with FSRQs will reirdasar case. In Figure 7, we plat,,
a19 VErsus gamma-ray photon indicéof BL Lacs (dark blue for HSP, light blue for ISP, and green
a0 for LSP) and FSRQs (red filled circles) listed in the Seconthlog of Active Galactic Nuclei De-
a1 tected by the Fermi Large Area Telescope (ZLAQ;_AQKQLma[aiJ &QIJL), compared with those
a2 for 2FGL J1502.1+5548 (a black star). In thg-I" plane, each blazar class can be differentiated.
323 Most blazars with spectral parameters in the upper righ afghis plane are FSRQs, which are
224 INtrinsically bright. According to the blazar sequenceslsobjects would have large and syn-
a2s chrotron peaks between the radio and optical bands, leadirgjatively largen,,. On the other
226 hand, blazars with parameters in the lower left region areLBts that have a wide range bf
sz and relatively smally,,. FigurelT indicates that the spectral properties of 2FGI0215+5548 are
a8 CcONsistent with an FSRQ, although an extreme ISP/LSP BL Lagaiso be possible.

329 Finally, we discuss the possibility that some of the othairses detected in X-rays be-
a0 Sides our targeted radio sources are in fact the gamma-réyeesn In both observations, we
a1 detected multiple X-ray sources inside the positional rebaxes of 2FGL J0923.5+1508 and
a2 2FGL J1502.1+5548. In the case of 2FGL J0923.5+1508, wectetdour X-ray point sources
i3 and all of their spectra were fitted well with absorbed polaermodels with photon indices 1.4-
s 2.0. Taking into account the relatively large statisticabes, the spectra of these four sources
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a3 are consistent with AGNs. Since all lack radio counterpahtsy are probably radio-quiet AGNSs.
a6 Theoretical studies suggest that radio-quiet AGNs may garntma-rays by the decay of neutral
a7 pions produced in a hot accretion flow near the black hc Klanmot |L0_d3) or Comp-
ass tonization by non-thermal electrons in coronae above &ocrelisks (Inoue et éQO_bS). How-
a3 ever, gamma-ray emission from radio-quiet AGNs have not lseafirmed even from bright hard
a0 X-ray selected Seyfert galaxies, except for some type-28sywith starburst activit;ﬁ@al.
341|2_0Li; Ackermann et al. ZQﬂﬂZ),C). The four sources here aveotders of magnitude fainter in
a2 X-rays than the Fermi-detected Seyferts, and moreovemgany emission of starburst origin is
as expected to be accompanied by detectable radio and/ombptitission. Thus, they are unlikely
a4 10 be associated with 2FGL J0923.5+1508.

aa5 In the case of 2FGL J1502.1+5548, there are two sources witdy>X$pectra that can be fitted
as With absorbed power-law models and have photon indicesstens with AGNs. One of these two
a7 (Source 7) has a radio counterpart with flux 7.89 mJy at 1.4.GHmvever, this flux is below the
as threshold of our criteria 20 mJy and likely too faint to beatgéd byFermiLAT . Therefore, to-
a0 gether with the above discussion about radio-quiet AGNssehiwo sources do not appear to be X-
as0 ray counterparts of the gamma-ray source. There is a closgalaxies MHL J150137.1+555056
51 inside the error region of 2FGL J1502.1+5548. Although eddud galaxies that are members
ss2 Of clusters have been detected in gamma rb)Ls_(Ab_dd ElﬁLA%X)Q:Iusters themselves are yet
5310 be detected. Lacking bright radio counterparts, MHL IB501+555056 is unlikely to be
2 @ gamma-ray emitter. The brightest variable X-ray sourdeaded inside the error region of
a5 2FGL J1502.1+5548 is source 5 that has a spectrum fitted vitellan absorbed power-law model
s combined with an APEC model for emission from optically thithermal plasmal.
357 @). Although this implies that the source is an activénl@gergy object, the gamma-ray emis-
a8 SioN cannot lie on a simple extension of the X-ray spectruth ws relatively soft photon index
359 Y = 2.338_.(1]313.

360 From our X-ray and radio observations, we found that 2FG10216+5548 is highly likely to
1 be a distant gamma-ray emitting blazar. To determine thetegeshift of this source, detailed op-
s62 tical spectroscopy with large telescopes is required.eaninultiwvavelength studies with current
363 and future instruments are desirable in order to clarifibleezar classification, including deeper
s X-ray observations witiKMM-Newtonor Chandrg hard X-ray observations with thduclear
365 Spectroscopic Telescope Arrapd ASTRO-H deeper gamma-ray observations abexad GeV
a6 With the Cherenkov Telescope Arragnd sub-millimeter observations with t@g¢acama Large
37 Millimeter Array.
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Table 1: Radio Counterparts of Gamma-ray Sources Selest€dmdidate High Redshift Blazars

2FGL Name Radio Counterpart Observed Frequency Radio Ridy)(
2FGL J0923.5-1508 VLSS J0923.9+1505 74 MHz 1580
TXS 0921+153 365 MHz 373
NVSS J092357+150518 1.4 GHz 70.5
2FGL J1502.3-5548 WN 1501.0+5603 325 MHz 50.0
NVSS J150229+555204 1.4 GHz 34.8
GB6 J1502+5552 4.85 GHz 24.1

Notes. Counterparts with corresponding identifiers wetmdbfrom the following catalogs. VLSS; VLA
Low-Frequency Sky Survem 007), TXS; TexaseSuof Radio Sourcels_(,llo_uglas_e_{LaL_lb%),
WN; Westerbork Northern Sky Survd;L(Rgng_elLuk_éLaL_iggm)j GB6; Green Bank 6 cm Radio Source
Catalog (Gregory et &, 1996).

Table 2: Gamma-ray properties and Suzaku observation fahe ctudied sources

Name TSar® IP OBS ID Pointing Directiof Observation start Effective exposure
RA[deg] DEC [deg] uT) [ksec]
2FGL J0923.5-1508 60.36 2.33 707007010 140.9890 15.0880 2012/04/29 352 86.7
(NVSS J092357+150518)
2FGL J1502.%45548 46.61 2.65 707008010 225.6210 55.8680 2012/05/2221:5 53.5
(NVSS J150229+555204)

2 Variability index (for more detail, see 2FGL catalog el
b Power-law photon index in the 2FGL catalog, where dN(édIE r
¢ Planned target coodinates taken from the positions of th88lvounterparts.

Table 3: X-ray Properties of the Targeted Radio Sources

Name Ny Model Parameter Fy_gkev x2/d.o.f.  Variability’
[102°cm~2] [ergcm2s71] x2/d.o.f.
NVSS J092357+150518 3.51 (fixed)  PL 4=2.0 (fixedf < 1.37x 1014 — —
NVSS J150229+555204  1.46 (fixed) ~ PL ~=1.8"03 43710 x10'* 295/32  11.7/13

Notes. The best fit models are presented with the best fit peeam

2The Fifth column shows the unabsorbed X-ray flux in the8%keV band.

b2 value calculated from a fit to the X-ray light curve assumirastant count rate.
¢~ is the photon index, where dN/dE E~"
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Table 4: Positions and Detection Significances of X-ray 8esiDetected Inside the 2FGL Error
Regions

2FGL Name Source Number Position Significance Extractiodil®a
RA[deg] DEC[deq]
2FGL J0923.5+1508 1 140.969(2) 15.070(1) .1 2
2 140.896(2) 15.129(1) 85 2
3 140.980(4) 15.164(2) 6:9 2
4 140.944(6) 15.006(1) 134 2
2FGL J1502.1+5548 5 225.578(1) 55.812(1) 25.2 2
6 225.570(3) 55.756(2) 2143 g
7 225.524(3) 55.744(2) 1610 g
8 225.387 55.849 2486 2

2Since source 8 is a diffuse source, the listed position isc#mer of the extraction region of the source
events

Table 5: Spectral Parameters of Other Detected Sources

Name Ny Model Parameter F skev x%/d.o.f.
[102°cm~2] [ergenT2s71]

2FGL J0923.5+1508 1 3.51 (fixed) PL ~=2.073 43700 x 100 32.3/27

2 3.51 (fixed) PL  y=1.401 3814 x 10" 15.2/14

3* 5.0M%2 x 10 PL ~7=2.0 (fixed) 55852 %107 4.72/6

4  3.51 (fixed) PL  4=2.0103 26705 x 10714 14.4/20

2FGL J1502.1+5548 5 1.46 (fixed) ~ APEC+PLLT =1.2101keV 9.2199 x 10-4  107.9/95

)
I

6  1.46 (fixed) PL
7 4735 (fixed) PL
g 12+t PL

1.1752 x 10713 26.1/28
1.6703 x 107 7.3/16
8.7118 x 10712 108.6/77

2
1 o
Y39

)
Il

N P P

Cooooooo

OO I

2
11

Notes. The best fit models are presented with the best fit gaessa The fifth column shows the unabsorbed X-ray
flux in the 2-8 keV band.Ny values derived from Dickey & Lockman (1990) are 3:6102° cm~2 and 1.46x 102°
cm~2 for the direction of 2FGL J0923.5+1508 and 2FGL J1502.1-858dspectively.

“This source is affected by extreme absorption at lower gnErg: 1 keV and is significantly detected only with the
XIS0 and XIS3 detectors. Therefore, the parameters arendieted using the data obtained by these two detectors.
This source overlaps with the damaged part of the XISO CCP ekents that are discarded. Therefore, we used
X-ray events of only XIS1 and XIS3 for the analysis.
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Table 6: Infrared and Optical Counterparts of the DetectedySources

Source Number

Counterpart Name Vdlue

1

7
8

WISE J092351.81+150409.3 w1 =15.67, w2 =14.62, w3 = 128d w4 = 8.46
SDSS J092351.82+150409.2 u=20.54, g =20.10, r = 20.09, i222and z = 20.21
SDSS J092353.10+150416.4 u = 23.76, g = 22.57, r = 21.70, i = 21.46, and z = 21.39
WISE J092333.95+150750.4 w1 =17.35, w2 =15.81, w3 = 11a88,w4 = 8.92
SDSS J092333.94+150750.0 u=21.09, g=20.95, r=20.64, i242and z = 20.47
WISE J092355.87+150949.2 w1l =17.24, w2 = 16.89, w3 = 11080,w4 = 8.59
SDSS J092356.04+150951.2 u=24.52,g=22.54,r=21.03,i332aGnd z = 19.86
SDSS J092346.64+150026.8 >122.3, g> 23.3, r =22.28, i = 21.58, andz 20.8
WISE J150218.48+554830.9 w1 =9.83, w2 =9.86, w3 = 9.80va&hd 8.96
SDSS J150218.50+554830.8 u=13.52,g=12.16,r=11.68, i4814nd z = 11.40
WISE J150216.01+554520.8 w1 =16.75, w2 =16.28, w3 = 12188 w4 = 8.98
SDSS J150216.03+554521.3 u=22.68,g=22.11, r=20.80, i272aGnd z = 19.80

FIRST J150205.3+554412 7.89 mJy

MHL J150137.1+555056 r=18.53

2Units of column three are magnitudes for infrared and opticanterparts and flux density for radio coun-

terparts

The nearest optical counterpart without infrared couraterp
“Upper limits of SDSS sources are Betection limits

dQuoted from Wen et al, (2012)
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Fig. 1.— X-ray image of 2FGL J0923.5+1508 obtainedSnzakiX1S0+3 (FI CCDs) in the 0.5-8
keV energy band. Thick solid ellipse denotes the 95% pastierror of 2FGL J0923.5+1508.
Thin solid and dashed circles show the source and backgmegnahs, respectively. A white cross
indicates the radio position of NVSS J092357+150518.
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Fig. 2.— X-ray image of 2FGL J1502.1+5548 obtainedSnzaki(X1S0+3 (FI CCDs) in the 0.5-8
keV energy band. Thick solid ellipse denotes the 95% pawstierror of 2FGL J1502.1+5548.
Thin solid and dashed circles show the source and backgmegnahs, respectively. A white cross
indicates the radio position of NVSS J150229+555204.
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Fig. 3.—SuzakiXIS light curve of the X-ray counterpart of NVSS J150229%364.
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— 22 —

T = e B e B L s B S &
T T NVSS J150229+555204 2011 Nov 11 |
O L _

= S

(D)

v

et

<F N - i

=

— O r -

@)

(D]

e

¥ ont |

-

©

(D)

o ot i
Ln'r::::l::::l:::: | PR TR I TR SR SR S
15 10 5 5 10 -15

Fig. 5.— VLBI image of NVSS J150229+555204 with natural wdigg at 6.7 GHz. The epoch
is indicated on the top of the panel as "YYYY MMM DD”. The firsbotour intensity is 4.1 mJy
beant!, which corresponds to three times the image noise levelcantbur levels increase by a

Relative RA [Milli-Arcsec]

factor of 2. Also, the restoring beam size is indicated intib#om-left corner.



—23—

Wptr

sy  SUZAKU

v F, [erg cnmi”s]]
=
Q
&

10% VERA L 12

S
[ HHHH‘ \HHW‘ HHHH‘ HHHH‘ HHW‘ HHHH‘ \HHW‘ TTTImm)
HHHH‘ \HHU_L‘ HHHH‘ HHHH‘ \HHUJJ HHHH‘ \HHUJJ L

1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1
10° 107 10° 10 10° 10
Frequency [Hz]

II 1 II 1 II 1
10° 10 10"

() 2FGL J0923.5+1508

Model (L = 10"%erg s
—2z=3.0
- z=35
— z=4.0

, [erg cni® s

F

=Y

Q

N
TTTT TTTI T T T T T T T 1T T T
S B R RELL AL B

| \HHH‘ | HHUJJ | HHUJJ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ L1

10—17 i o L i L L L L i i L L L L i L L |\; I
10° 10%* 10® 10® 107 10 10®* 107 107
Frequency [Hz]

(b) 2FGL J1502.1+5548

Fig. 6.— SEDs of the gamma-ray sources when assuming thetéarcadio sources as the counter-
parts. Gamma-ray data points are taken from the 2FGL ca({alln@n_eLzﬂLZQ]JZ). The radio data
points are adopted from selected catalogs listed in thesradt@able 1, and our newly conducted
VERA observations. The optical data are taken from the SD8&8ay (Aihara et é@il). The
optical upper limits representietection limits for each color band in the SDSS. The blagdd S
sequence model of (Inoue & Tota\hj_Zd)OQ) accounting for gakactic attenuation with the EBL
model of kLn_o_u_e_el_éL_ZQjLZ) are overlapped to the SED of 2FCd04.1+5548. The red dashed ,
green dot-dashed, and the blue solid curves representaharldequence models with gamma-ray
luminosity L, = 10" erg s'! assuming redshifts z = 3.0, 3.5, 4.0, respectively.
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Fig. 7.— Radio to optical rest-frame broad-band spectdites versus gamma-ray photon indices
of blazars listed in the 2LAC (Ackermann eﬂLMbll). Dankdonverted triangles: HSP BL Lacs,
light blue triangles: ISP BL Lacs, green squares: LSP BL Leascircles: FSRQs. All the values
are taken from 2LAC. We also plot the parameters of 2FGL J1I5(8548 with a black star. The
redshift of 2FGL J1502.1+5548 is assumed to be 3.5.
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