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A SURVEY OF UNIDENTIFIED EGRET SOURCES AT VERY HIGH ENERGIES
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ABSTRACT

The Whipple Observatory 10 m v-ray telescope has been used to survey the error boxes of EGRET unidentified
sources in an attempt to find counterparts at energies of 350 GeV and above. Twenty-one unidentified sources
detected by EGRET (more than 10% of the total number) have been included in this survey. In no case is a
statistically significant signal found in the EGRET error box, which implies that, at least for this sample, the y-ray
spectra of these sources steepen between 100 MeVand 350 GeV. For each EGRET source location, we list candidate
associations and derive upper limits on the integral y-ray flux above 350 GeV.

Subject headings: galaxies: jets — gamma rays: observations — surveys

Online material: color figures

1. INTRODUCTION

The number of confirmed sources of y-ray emission at very
high energies (£ > 100 GeV) is still small (Horan & Weekes
2004), but the number is increasing as the sensitivity of ground-
based v-ray observatories improves. All of the source discov-
eries to date have come from observations using the atmospheric
Cerenkov imaging technique. In these observations the tele-
scopes, which typically have fields of view of less than 5°, have
been directed at sources that observations at longer wavelengths
have suggested as potential TeV sources. Several of the TeV
sources show evidence of the Compton-synchrotron mechanism;
hence a fruitful predictor of TeV emission comes from observa-
tions in hard X-rays. In principle, sources that are known to emit
MeV and GeV ~-rays, i.e., those from the Third EGRET Catalog
(Hartman et al. 1999) and from the GeV catalog compiled from
the same database (Lamb & Macomb 1997), should also be
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strong candidates for TeV emission, particularly since many of
the sources exhibit power-law spectra with hard spectral indices.
In practice, although the (vF)) sensitivities of the ground-based
TeV telescopes and the space-based MeV/GeV telescopes are
similar, less than half of the detected TeV sources were seen by
EGRET, indicating that the population of sources emitting in the
MeV-GeV and TeV bands are quasi-independent. Nevertheless
the EGRET source catalogs are fruitful starting points for TeV
~-ray source searches.

One of the significant legacies of the EGRET mission on the
Compton Gamma Ray Observatory was the large number of de-
tected sources for which no obvious counterpart was found at
longer wavelengths and whose nature therefore remains elusive
(Hartman et al. 1999; Lamb & Macomb 1997; Macomb & Lamb
1999). The lack of identification is not surprising since the
EGRET error boxes are typically of 1° diameter and the number
of candidate objects very large. Hartman et al. (1999) list iden-
tifications for approximately 80 of the EGRET sources, with
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TABLE 1

ComparIisOoN OF THE CHARACTERISTICS OF THE EGRET INSTRUMENT oN CGRO AND THE WHIPPLE
10 m AtmospPHERIC CERENKOV IMAGING TELESCOPE

Characteristic

EGRET Whipple

Energy range (MeV)....
Effective area (CM2) ......v.eveeeeeeeeeeeeeeeeeeeeeeeseeeeeeeseseses

Average error in ~y-ray origin (fgg) (deg)......ccovevereevrrennnnnn

Field Of VIEW (SI)..eoveiiiriiiieieieicicieeieee e
Sensitivity to Crab Nebula—like spectrum (cm™2 s™!)......

3 x 10° to 3 x 107
2 x 108 at 350 GeV
44 x 108 at 1 TeV
3.6 x 108 at 10 TeV

30 to 3 x 10*
1200 at 100 MeV
1600 at 500 MeV
1400 at 3000 MeV
5.85 at 100 MeV .
0.42 at 300 GeV

1.71 at 1 GeV
0.50 at 10 GeV 0.25 at 1 TeV
~0.6 0.0012

3.02 x 107! > 350 GeV or
0.294 x Crab flux
(4 oin S hr)

6 x 1078 > 100 MeV
(3 o after 2 weeks off
Galactic plane)

known active galactic nuclei (AGNs) and pulsars. The remainder
of the sources were not firmly identified. Extensive studies have
been made at radio, optical, and X-ray wavelengths to find ob-
jects that can be identified as counterparts (e.g., Halpern et al.
2001b), and there are a number of promising possibilities. In
total, one could now consider approximately 130 of the EGRET
sources as having identifications (e.g., Sowards-Emmerd et al.
2003; Mattox et al. 2001). However, a new and distinct class of
object has not emerged and the nature of the remaining 140 un-
identified sources is still a subject of speculation. Another ap-
proach has been to associate the distribution of subsets of the
sources with the distribution of known classes of objects (e.g.,
Roberts et al. 2001; Gehrels et al. 2000), but such associations
are ambiguous and this approach does not reveal individual
identifications.

Atmospheric Cerenkov imaging telescopes are ideally suited
to the study of unidentified EGRET sources since the fields of
view of typical Cerenkov cameras are considerably larger than
the EGRET error boxes. Although these telescopes have opti-
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Fic. 1.—Comparison of upper limit on source luminosity derivable through
observations at Whipple with the extrapolated luminosity of a “mean” 100 MeV
source. Upper limits for 0.5, 5, and 50 hr observations are shown, assuming a
Crab Nebula—like spectrum. The hypothetical 100 MeV source has an integral
flux spectrum given by the mean flux and spectral index from 3EG sources chosen
for this survey: I(>E) = (30.9 + 4.1) x 1078(E/100 MeV) 112+ 021 ¢py=2 g1,
The upper limits are derived by assuming that the VHE emission is from a source
with a spectral index similar to that of the Crab Nebula in this energy regime, i.e.,
I" ~ 2.5. The point marked as “VERITAS 50 hr” indicates the limits that can be
derived from 50 hr of observations with a ground-based array such as VERITAS-4
or HESS. [See the electronic edition of the Journal for a color version of this figure.)

mum sensitivity for sources in the center of the field of view,
i.e., on the optical axis, sensitive search techniques have been
developed to search for sources that are not on the axis (Akerlof
etal. 1991; Lessard et al. 2001). For the Whipple Telescope, the
flux sensitivity at 1°0 off axis is ~50% of that on axis (Fegan
et al. 2001). The telescope has been shown to have flux sensi-
tivity even outside the geometrical field of view of the camera.
The relative sensitivity of the Whipple Telescope, with the cam-
era used in this survey, is contrasted with the EGRET instrument
in Table 1.

The Whipple instrument has a detection sensitivity of ~30%
ofthe flux of the Crab in 5 hr of observation (for a detection at the
4 o level). The potential of such ground-based observations is
illustrated in Figure 1, where the upper limit that can be placed on
the source flux above 350 GeV from observations with various
durations is shown relative to a hypothetical EGRET source. The
spectrum of this hypothetical source is, in fact, the mean of the
sources in the EGRET catalog that were used in this survey:
I>E)= 309+ 4.1)x 1078(E/100 MeV )~ 1122021 o =2 g—1,
The upper limits are derived by assuming that the very high en-
ergy (VHE) emission is from a source with a spectral index sim-
ilar to that of the Crab Nebula in the VHE regime, i.e., I' = 2.5.

Previous studies with an earlier version of the Whipple TeV
~-ray telescope have been reported (Buckley et al. 1997) on a
limited number of unidentified EGRET sources. The HEGRA
group has reported observations on five sources from the GeV
catalog with sensitive upper limits, 1%—10% of the Crab
(Rowell et al. 2003). This paper reports the results of a survey of
21 unidentified EGRET source fields (more than 10% of the to-
tal number of unidentified EGRET sources).

2. SOURCE LIST

It is not possible to isolate the subclasses of unidentified
source from the EGRET and GeV catalogs that would be the best
candidates for VHE ~-ray emission. In principle the strongest
sources with the hardest spectra should be included in a survey.
However, the spectra, particularly those of the weaker sources,
are not well determined, and extrapolation of power-law spectra
to detectable levels at very high energies is a distinct possibility.
In practice operational considerations played a major role in the
selection of survey sources. These considerations included

1. choice of declination so that the source transited within
30° of the zenith to give maximum sensitivity;

2. sources that lie at right ascensions that are not well pop-
ulated with known TeV sources and do not transit during the
Arizona monsoon season; and
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TABLE 2
SummAaRrY OF THE 3EG aND GeV CATALOG ENTRIES FOR THE 19 UNIDENTIFIED SOURCES SELECTED FOR OBSERVATION IN THE SURVEY

THirp EGRET CatALOG

COORDINATES" GeV CATALOG
SPECTRUM VARIABILITY INDEXES®
b l Error 695° Error 6y e
No. Source NamE (deg) (deg) (deg) F+ AF¢ T + A (deg) Flux F + AF¢ 6 Omin
3EG J0010+7309 10.56 119.87 0.25 x 0.22 423 + 55 1.85 £ 0.10 0.43 58+ 1.2 0.26 0
3EG J0241+6103 0.99 135.85 0.21 x 0.15 69.3 + 6.1 2.21 +£0.07 0.31 69 +13 0.38 0.17
3EG J0423+1707 —22.21 178.68 0.88 x 0.65 158 £ 2.7 243 £ 0.21 e 0.42 0
GeV J0433+2907 —12.58 170.50 0.19 x 0.16 22.0 £ 2.8 1.90 + 0.10 0.35 33+0.7 0.40 0.10
3EG J0450+1105 —20.55 187.89 0.65 x 0.61 149 £25 227 £ 0.16 e . 1.13 0.78
GeV J0508+0540  —19.81  195.32 0.62 1.4 4+ 0.4% b b
3EG J0613+4201 11.45 171.38 0.66 x 0.46 9.0 +23 1.92 £ 0.26 0.65 1.8 + 0.68 0.72 0.09
3EG J0628+1847 3.64 19360  0.66 x 049 239 +40 230+ 0.10 .
3EG J0634+0521 —-1.22 206.15 0.85 x 0.50 15.0 £ 3.5 2.03 £ 0.26 . 0 0
3EG J1009+4855 52.15 166.93 1.12 x 0.80 48 + 1.4 1.90 + 0.37 0 0
3EG J1323+2200 81.15 359.63 0.52 x 0.43 52+ 1.6 1.86 £+ 0.35 . 1.09 0.52
3EG J1337+5029 65.06 105.18 0.77 x 0.66 9.2 £2.6 1.83 +0.29 0.53 0
3EG J1826—1302 —0.42 18.41 0.55 x 0.39 463 + 7.3 2.00 £+ 0.11 0.32 99 + 1.7 0.88 0.50
3EG J1835+5918 25.08 88.74 0.16 x 0.13 60.6 + 4.4 1.69 + 0.07 0.27 102 + 1.4 0.15 0
GeV J1907+0557 —0.88 40.08 0.38 x 0.28 92+ 19 b L
GeV J2020+3658 0.24 75.29 0.35 x 0.26 59.1 £ 6.2 1.86 + 0.10 0.28 x 0.21 112 +15 0.36 0.03
3EG J2227+6122 3.19 106.55 0.50 x 0.41 41.3 + 6.1 2.24 +£0.14 0.54 394 1.28 0.20 0
3EG J2248+1745 -36.15 86.00 1.14 x 0.78 129 £ 3.5 2.11 £ 0.39 0.65 0
3EG J2255+1943 —34.35 89.85 2.67 x 2.33 58 +28 2.36 + 0.61 1.18 0.25

? Galactic coordinates from the 3EG or GeV catalog as appropriate.

® Variability index from Nolan et al. (2003), higher values indicate more source variability.

¢ Elliptical fits to 95% error contours for 3EG sources from Mattox et al. (2001).

4 Flux and statistical error (F + AF) at energies greater than 100 MeV in 3EG catalog and 1 GeV in GeV catalog, in units of 10~ cm™2s~!.

¢ Spectral index and error (I = AT") from EGRET catalog (Hartman et al. 1999).

f Listed as source of repeating weak outbursts of GeV ~-rays ( Table 2 of Macomb and Lamb 1999).
€ Listed as a low-significance source of GeV v-rays (Table 2 or 3 of Lamb and Macomb 1997).

f‘ Nolan et al. (2003) present variability indices for 3EG sources only.

' As noted in Nolan et al. (2003), 3EG J0628+1847 failed a consistency check during the analysis.

3. serendipitous inclusion of an EGRET unidentified source
in the ON or OFF fields used in regular Whipple observations.

As a result, the source list surveyed includes 19 sources that
appear in both the EGRET and GeV catalogs; their cataloged
properties are summarized in Table 2, and their position in the
sky relative to the Galactic equator is shown in Figure 2.

3. TECHNIQUE

Cosmic v-rays at energies greater than 300 GeV are detected
at ground level by the Cerenkov radiation given off by the at-

+90

015 013

Fic. 2.—The 19 unidentified EGRET sources considered in this survey,
plotted in Galactic coordinates and labeled by their positions in Table 2. The
outline of the Milky Way, from optical observations (see J. R. Vieira at http://
www.skymap.com/milkyway _ cat.htm) is depicted for comparison.

mosphere caused by the passage of the electromagnetic cas-
cade. The Cerenkov images from the y-ray—initiated cascades
from a point source can be distinguished from the more nu-
merous images resulting from the cascades initiated by charged
hadrons in the cosmic radiation by the shape and orientation of
the images. The images are recorded in fast cameras made of
arrays of photomultipliers in the focal plane of large optical
reflectors. The y-ray observations reported here were made with
the GRANITE-III camera (Finley et al. 1999) on the Whipple
Observatory 10 m aperture optical reflector (Cawley et al.
1990), which is located on the 2.3 km level of Mount Hopkins
in southern Arizona. This is a mature camera-telescope con-
figuration that has been in regular use since 1999; a number of
important detections have been reported (Horan et al. 2002;
Krennrich et al. 2002; Holder et al. 2003; Kosack et al. 2004).

4. OBSERVATIONS

Data for this survey were taken from 1999 to 2003 as part of
the routine observing program of the Whipple Observatory. Sig-
nificant changes were made to the telescope during the sum-
mer and fall of 2001 when a new technique was applied to the
alignment of mirror facets. This bias alignment corrected for the
gravitational deformations in the optical support structure with
elevation (Schroedter et al. 2002), which is particularly impor-
tant because of the high resolution of the camera.

Observations with the instrument are made in one of two
modes, termed ON/OFF and Tracking modes, which have sig-
nificantly different approaches to background estimation. When
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TABLE 3
OBSERVATION SUMMARY

Duration Mean Elevation
Source Epoch of Observations (minutes) Observation Mode (deg)

3EG JOO010+7309 ....cocveveveinnne 1999-2000 195 ON/OFF 48
3EG J0241+6103.......ocveveveneene 2000-2001 524 ON/OFF 58
3EG J0423+1707 . 2000-2001 193 ON/OFF 71
GeV J0433+2907 ....oovvvvrrnee 1999-2000 500 ON/OFF 71

1999-2002 1900 Tracking 75
3EG J0450+1105 2000-2001 264 ON/OFF 68
GeV J0508+0540.. 2001-2002 842 Tracking 62
3EG J0613+4201 .. 2001-2003 275 ON/OFF 69
3EG J0628+1847 .. 2001-2003 331 ON/OFF 68
3EG J0634+0521 .. 2000-2002 248 ON/OFF 62
3EG J1009+4855 .. 2001-2002 248 ON/OFF 72
3EG J1323+2200.. 2000-2001 276 ON/OFF 66
3EG J1337+5029.. 2001-2002 166 ON/OFF 67
3EG J1826-1302.. 1999-2000 416 ON/OFF 42
3EG J1835+5918.. 2000-2001 110 ON/OFF 57
GeV J1907+0557 .. 1999-2000 277 ON/OFF 61
GeV J2020+3658.. 1999-2000 233 ON/OFF 62
3EG J2227+6122.. 2000-2001 360 ON/OFF 56
3EG J2248+1745 .. 2001-2002 304 ON/OFF 70
3EG J2255+1943 2001-2003 250 ON/OFF 71

operating in the ON/OFF mode, two separate 28 minute scans
(ON and OFF) are made. The ON scan is taken while tracking
the sky with the candidate object at the center of the field of view
and gives an estimate of the y-ray flux combined with the back-
ground rate. The OFF scan is taken in the absence of the can-
didate object to give an independent estimate of the background
rate. The ON and OFF scans are taken such that they are sepa-
rated by 30 minutes in time and track locations in the sky sep-
arated by 30 minutes in right ascension. When operating in the
Tracking mode, a single scan is taken tracking the candidate
object. An estimate of the background is inferred from the num-
ber of events present in the scan that are not consistent with having
originated from the candidate source location. The ON/OFF mode
can be used to test the hypothesis that the y-ray emission is oc-
curring from any location within the field of view of the instru-
ment. This is the case for a candidate source whose location is not
known a priori, such as unidentified sources with large error-box
locations and for sources whose emission is expected to be ex-
tended, such as supernova remnants (SNRs). Hence the bulk of
the observations taken in this survey were made in the ON/OFF
mode.
Table 3 gives a summary of the observations.

5. ANALYSIS

The power of the atmospheric Cerenkov imaging technique
depends on the data analysis algorithms that are used to separate
candidate y-ray images from the background of images from
cosmic-ray—initiated air showers, local muons, and night-sky
noise fluctuations. In general, these algorithms are based on
Monte Carlo simulations and optimized using a standard candle
such as the Crab Nebula. A number of data analysis algorithms
have been developed, for example, supercuts developed for
data taken at the Whipple 10 m telescope (Punch et al. 1992).
This technique typically keeps 50% of ~-ray events and dis-
cards >99% of background events. This point-source analysis
technique has been adapted to sources whose location is not
well defined and to extended sources (Akerlof et al. 1991;
Lessard et al. 2001).

Before parameterization, the images are subjected to a series
of conditioning routines to ensure that they maintain the max-
imum information content. The data conditioning steps are rou-
tinely applied to all data taken with the Whipple instrument and
are described elsewhere (e.g., Lessard et al. 2001). After con-
ditioning, the moments of the light distribution in each image
are calculated. From these moments a number of useful pa-
rameters are calculated (Reynolds et al. 1993). In particular, the
alpha parameter («) is important to the analysis of data from a
candidate point-source object at the center of the field of view.
Images with a small value of alpha (usually o < 15°) are con-
sidered to be consistent with having originated from the source
location; those with a large value of alpha are not. In a standard
point-source analysis, a histogram is made of the alpha pa-
rameter for all events that pass the data selection criteria. An
excess of events with small alpha is indicative of a source at the
center of the field of view.

For extended sources or sources where the source location is
not well determined, it is essential to reconstruct the arrival di-
rection of the primary. For a single telescope, the arrival di-
rection must be inferred from the shape and orientation of the
single observed image. The approach taken here is based on that
used in Lessard et al. (2001), with the important difference thata
Gaussian smoothing process is applied. The sky map is pro-
duced by generating a two-dimensional histogram of the re-
constructed arrival directions with respect to the center of the
camera. Errors in reconstructing both the image axis and point
along the axis from which the y-ray originated are accounted for
by convolving the final two-dimensional map with a Gaussian
smoothing function.

Calibration of the two-dimensional analysis method was
done using sets of observations of the Crab Nebula, in which the
location of the source was deliberately offset from the center
of the field of view by various degrees. Calculating the relative
~-ray rate allows a model of the detector response for off-axis
and extended sources to be made.

Figure 3 shows significance maps for the Crab Nebula offset
by three different amounts. In each of them the Crab source is
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Fic. 3.—Observations of the Crab Nebula, offset by varying amounts from the center of the field of view. The contours show detection significance. The observations

at an offset of 193 place the Crab outside the geometrical field of view.

clearly visible. At an offset of 023 the y-ray collection efficiency
is 84% of its on-axis value. At an offset of 173, with the source
outside of the geometrical extent of the camera, the efficiency
is 30%. The significance map for these data show appreciable
background contamination over the field due to the simple re-
construction approach of assigning the arrival direction of each
photon to two points on the shower axis. More sophisticated
approaches can reduce such false sources (Lessard et al. 2001).

In this analysis, a map of (a priori) significance is produced
and the EGRET 95% contour level overlaid. The area of the
region inside the contour is used to calculate an equivalent
number of independent bins. This value is then used to calculate
a significance level that is equivalent to the accepted Gaussian
4 ¢ confidence level. The map is checked for emission from
within the region of interest.

6. RESULTS

The results of the observations are summarized in Table 4,
which gives the upper limits (at the 99% confidence level) for a
source anywhere within the EGRET 95% confidence region.
Where identifications have been suggested, the upper limit for the
candidate is presented in Table 5. Figure 4 presents maps of up-
per limit contours from the VHE observations with the EGRET
confidence contours superposed. The spectral measurements from
the EGRET observations, from the online version of the 3EG cat-
alog (Hartman et al. 1999), are shown in Figure 5 together with an
extrapolation of the power-law spectrum to TeV energies and the
upper limits from Table 4. Spectral energy distributions (SEDs)
for a selection of sources, from archival data, are presented in
Figure 6. Significance maps for excess TeV ~-ray—like events
from the Whipple observation of the two unidentified sources
3EG J1337+5029 and 3EG J2227+6122 are shown in Figures 7
and 8, respectively.

6.1. 3EG J0010+7309

The 3EG source J0O010+7309 has been associated with the
SNR CTA 1, G119.5+10.2 in Green (2001), on the basis of its
position. X-ray observations indicate that emission from CTA 1
must be described by three components; the first is a thermal,
shell-type component associated with the Sedov expansion of
the remnant into the interstellar medium (ISM), producing a
large shell-type nebula ~107’ in diameter and 1.4 + 0.3 kpc in
distance. There is a “blowout” region to the north where the
nebula has evidently expanded quickly into a region of partic-
ularly low density. The second X-ray component is associated

with a region of bright, nonthermal emission at the center of the
nebula. This emission is consistent with synchrotron emission
from a central nebula, with a differential power-law spectral in-
dex of 2.3 and total X-ray luminosity of Lx = 5.6 x 103 ergs
s~!. Finally, ROSAT detected a nonthermal compact point
source, RX J0007.0+7302, which may be associated with a pul-
sar at the center of the nebula, although no pulsations have been
detected in radio or X-rays. Slane et al. (2004) report on XMM
observations of the compact source; its spectrum is best fitted
by a power law with a differential spectral index of 1.5 and total
luminosity of Lx = 4.7 x 103! ergs s!.

Brazier et al. (1998) suggest that the 100 MeV ~-rays from
this source are most likely associated with the compact source,
which lies within the 95% confidence contour of the EGRET
observations. The power-law X-ray spectrum of the compact
source can be extrapolated to ~-ray energies without a spectral
break. Brazier et al. (1998) noted a possible cutoff in the highest
energy part of the EGRET spectrum that would support a pulsar
origin, although the statistics are not compelling. Other com-
pact X-ray sources in the region are suggested as possible coun-
terparts by Seward et al. (1995); Brazier et al. (1998) dismiss all
but RX J0010+7309.

Figure 5a shows the EGRET power-law spectrum extrapo-
lated to 350 GeV, with the upper limit superposed. A cutoff in
the spectrum is required to reconcile these observations. Some
evidence for this cutoff is also visible in the highest energy
bins of the EGRET spectrum. The cutoff supports the suppo-
sition that the ~-rays originate from a pulsar. The upper limit
on the integral flux from the point-source RX J0007.0+7302 is
F(>350 GeV) < 1.1x10-11 ecm™2 s~

6.2. 3EG J0241+6103

First detected by the COS' B instrument, and designated as
2CG 135401, the strong ~y-ray source 3EG J0241+6103 has
been the subject of much study over the past 25 years. Observa-
tions with EGRET refined the position estimate leaving the non-
thermal radio source GT 0236+610 (Gregory & Taylor 1978;
Hermsen et al. 1977) as the most likely candidate. The non-
thermal radio source is associated with the binary system LSI
+61°303 (Gregory et al. 1979), an unusual object that has been
identified at radio, optical, and X-ray energies. LSI +61°303
exhibits radio outbursts at a period of ~26.5 days (Taylor &
Gregory 1982). There is evidence that both the phase and am-
plitude of the outbursts vary slowly with a ~4.6 yr phase mod-
ulation period (Gregory et al. 1999; Gregory 2002). Paredes et al.
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TABLE 4
Upper LiMiTs FOR UNIDENTIFIED EGRET FiELDS

COORDINATES

« o EXTENT Upper LimiT
SourCE NAME (J2000.0) (J2000.0) (deg x deg) 10" em=2s7h)
3EG JOO10+7309 ... 00 09 36.6 +73 10 57.4 0.25 x 0.22 22
3EG J024146103 ... 02 41 31.3 +61 04 12.3 021 x 0.15 22
3EG J0423+1707 04 23 56.5 +16 56 27.4 0.88 x 0.65 6.6
3EG J0433+2908 ... 04 33 35.1 +29 07 42.2 0.19 x 0.16 1.6
3EG J0450+1105 2215 06.5 +31 28 55.7 0.65 x 0.61 5.0
3EG J0613+4201 06 14 20.6 +41 59 51 0.66 x 0.46 43
3EG J0628+1847 ... 06 28 36.1 +18 50 35 0.66 x 0.49 4.1
3EG J0634+0521 ... 06 34 39.9 +05 28 21 0.85 x 0.50 5.3
3EG J0631+0642 ... 06 31 39.4 +06 41 42 0.55 x 0.39 6.0
GeV J0633+0645... 06 33 08.8 +06 45 49 0.42 x 0.42 49
3EG J1009+4855 ... 10 09 59.3 +48 50 30 1.12 x 0.80 4.6
3EG J1323+2200 13 23 20.1 +22 02 52 0.52 x 0.43 3.1
3EG J133745029 ..o, 13 38 00.8 +50 25 57 0.77 x 0.66 5.9
3EG J1826—1302 18 26 01.0 —13 0528 0.55 x 0.39 42
3EG J1823—1314 18 23 24.7 —1314 32 0.33 x 0.23 32
GeV J1825-1310 18 25 143 —1310 19 0.32 x 0.32 42
3EG J1835+5918....... 18 35249 +59 19 15.3 0.16 x 0.13 3.8
GeV J1907+0557 ... ) 19 07 40.4 +05 57 14 0.38 x 0.28 3.0
GeV 1202043658 ........orverrrernenn. 20 20 45.1 +36 58 50 0.28 x 0.21 3.7
3EG 12021+3716 2021 19.9 +37 15 12 0.35 x 0.26 3.7
3EG 1201643657 ... 20 16 34.1 +36 52 22 0.68 x 0.44 58
3EG 12227+6122 2227 20.8 +61 23 28.9 0.50 x 0.41 4.1
GeV J2227+6101 ..., 2227459 +61 01 22.7 0.54 x 0.54 3.5
3EG J2248+1745 oo, 22 48 54.3 +17 47 09.5 1.13 x 0.78 52

Nortes.—Coordinates are given for the center of an ellipse fitted to the EGRET 95% confidence contour, from
Mattox et al. (2001) or Lamb & Macomb (1997), as appropriate. Units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes, and arcseconds. The upper limit on the integral y-ray flux
above an energy of 350 GeV is at the 99% confidence level.

(1997) report a periodic modulation of the X-ray light curve
from the All Sky Monitor instrument on the RXTE X-ray satel-
lite, which appears to occur at a constant orbital phase, corre-
sponding to the periastron. No pulsations have been detected in
the X-ray signal, suggesting that the X-ray emission is not di-
rectly from a neutron star companion. Massi et al. (2001) report
the existence of a one-sided radio jet from the object on a mil-
liarcsecond scale. A number of models have been suggested to
explain the radio and X-ray emission and to account for the
possibility of y-ray emission. Gregory & Neish (2002) provide
an introduction to the observational status of this object.

Figure 45 shows a map of upper limits of emission from the
region with the location of LSI +61°303 and QSO 4U0241+61
indicated with a cross (near the center and displaced by 1° to the
north, respectively). It is evident from the figure that the binary
system lies outside of the 95% confidence contour of the EGRET
data, although it does lie within the considerably larger 95% con-
fidence circle from the GeV catalog. There are no good X-ray
candidates within the 95% EGRET confidence contour for this
source.

LSI+61°303 was previously observed with the Whipple Tele-
scope between 1996 and 1999, with no significant excess of
~-rays being detected; an integral flux limit of F(>500 GeV) <
0.88 x 107" ecm™2 s~! was reported by Hall et al. (2003). As-
suming that the 3EG source corresponds to the LSI +61°303,
Hall et al. (2003) show that an cutoff is required in the extrap-
olated EGRET spectrum to accommodate the VHE observations
(lighter arrow at 500 GeV depicted in Fig. 5b). Most of the

allowed possible range for the extrapolated flux at 350 GeV is
ruled out by the upper limit reported here. After a quarter century
of study, 2CG 135+01 remains one of the most puzzling of all
~-ray sources.

6.3. 3EG J0423+1707

3EGJ0423+1707 is an EGRET source about which very little
is known at other wavelengths. The 3EG error circle is large, at
0788 x 0265, and the source has the softest spectrum of all of the
sources chosen for this survey. Mattox et al. (2001) suggest that
the radio source B0422+1749 as a possible, but unlikely, coun-
terpart, with a probability of 2 x 107, Sowards-Emmerd et al.
(2003) list a plausible flat-spectrum radio quasar (FSRQ) coun-
terpart at redshift of z = 0.91, too distant to be detectable by
Whipple at 350 GeV owing to absorption of the ~-ray signal
with the intergalactic infrared radiation field (IIRF; see, e.g.,
Vassiliev 2000). As is clear from Figure 5¢, the VHE limit does
not constrain the extrapolated EGRET spectrum.

6.4. GeV J0433+2907

The EGRET source J0433+2908 is listed as possibly being
associated with the radio source 87GB 0430+2859, assumed to
be an AGN. The identification is sufficiently certain that this
source should probably not now be considered as “unidentified”
(Foreman et al. 2001; Sowards-Emmerd et al. 2003). The source
is unusual for an EGRET AGN; the spectrum is particularly
hard, with no indication of a break at energies up to 10 GeV.
Dingus & Bertsch (2001) analyzed all of the EGRET photons at



TABLE 5

Upper Limits FOR CANDIDATES IN UNIDENTIFIED EGRET FiELDS

COORDINATES
« 6 EXTENT UppER LiMiT
Source NAME (12000.0) (J2000.0) (deg x deg) 107" em™2 57

3EG J0010+7309:

RX JO007.0+7302....cceeieieeeeeeieeene 00 07 02.2 +73 03 07.1 1.1
3EG J0241+6103:

LST+61 303 02 40 314 +61 13 45.6 1.7

QSO 4U0241+61 .o 02 44 37.3 +62 13 57.0 2.3
3EG J0423+1707:

BO422+1749. ..o 04 24 534 +17 55 49.9 2.8
3EG J0433+2908:

87GB 043012859 ...oovvevieieeeeeeeee 04 33 37.5 +29 05 53.0 0.8
3EG J0450+1105:

B0446+1116 04 49 07.7 +11 21 28.6 1.3
GeV J0508+0540:

RX J0509.340541 ..ccviiiiieieieieeeenee 05 09 26.0 +05 41 354 0.73
3EG J0613+4201:

87GB 0609+4123 ....cooviveeeiieeeeiee 06 12 51.2 +41 22 37 1.9

87GB 0612+4131 .o 06 16 22.4 +41 30 48 3.1

87GB 0614+42009 .....ooviieieieieieeeeeene 06 18 08.6 +41 08 00 2.9
3EG J0628+1847:

87GB 0624+1833 ..o 06 27 20.5 +18 31 04 1.5

87GB 0628+1911 oo 06 31 32.3 +19 08 41 2.6
3EG J0634+0521:

SAX JO635+0533 ..o 0635174 +05 33 21 2.0

Mon OB 2A ..o 06 32 10.2 +04 50 46 0.33 x 0.47 4.7

HD46150... 06 30 36.0 +04 57 00 3.1

HD46223 ... 06 31 00.0 +04 50 00 2.4
3EG J1009+4855:

87GB 1011+4941 ..o 10 15 04.1 +49 26 01 33
3EG J1323+2200:

87GB 132442226 ..o 13 27 00.8 +22 10 50 2.1

87GB 131842231 oo 1321 11.2 +22 16 12 2.1

87GB 1319+2203 ... 1322114 +21 48 12 1.6

87GB 132142229 oo 13 24 14.9 +22 13 08 1.2
3EG J1337+5029:

ATTS58 e 13 32 31.7 +50 30 41 0.18 x 0.18 6.9

87GB 132945023 ..o 13 31 37.2 +50 07 55 3.6

87GB 1340+5125 .o 13 42 23.5 +5110 18 3.9

J133510.2+503920% 13 35 10.2 +50 39 20 3.5

RX J1335.3+5015... 1335 19.6 +50 15 04 3.0

RX J1337.3+5032... 13 37 20.0 +50 32 52 2.5

J134023.3+503113%, 13 40 23.3 +50 31 13 2.1

J134350.8+503016% .....ceovoeeeeeeeeeeane 13 43 50.8 +50 30 16 3.0
3EG J1826—1302:

PSR BI823—13 .o 18 26 13.2 —13 34 47 2.4

SNR 18.1—0.2 oo 18 24 37.0 —13 1518 0.03 x 0.01 2.6

AX J1826.1—1300.. 18 26 04.9 —12 59 48 3.7

G16.8—1.1.............. 18 25 20.0 —14 46 00 0.25 x 0.25 6.9

G18.8—0.3 (Kes 67).. 18 23 58.0 —12 2300 0.14 x 0.14 6.8

GI8.9—1.1 it 18 29 50.0 —12 58 00 0.28 x 0.28 3.6

SCt OB 3 oot 18 25 27.2 —14 15 04 1.30 x 1.00 6.2

J183015.9—140807% ...oovviveeererereeeereeeaae 18 30 15.9 —14 08 07 4.6

J182920.6...130914% ..o 18 29 20.6 —13 09 14 2.0
3EG J1835+5918:

RX J1836.245925 ..o 18 36 13.7 +59 25 30.1 3.7
GeV J1907+0557:

AX J1907.140549....cvocieieeeeeeeeeee 19 07 21.3 +05 49 14 2.6

G39.2—0.3 e 19 03 58.7 +05 26 19 0.07 x 0.07 3.6

GA40.5—0.5. e 19 07 05.6 +06 30 06 0.18 x 0.18 4.0

GA41.1—0.3 e 19 07 29.4 +07 07 35 0.04 x 0.04 6.3
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TABLE 5— Continued

COORDINATES

« 1) EXTENT UppER LimiT
Source NAME (J2000.0) (J2000.0) (deg x deg) 107" em2s7h)

GeV 12020+3658:

PSR J202143651 cooooeveeereeereseeesrnen 2021 07.8 +36 51 19 2.0

TXS B2013+370.. 20 15 28.4 +37 11 02 2.0

G74.9+1.2 ....... 20 15 40.3 +37 11 52 0.07 x 0.07 2.1

WR 137....... 20 14 32.7 +36 39 46 5.5

WR 138....... 20 17 00.4 +37 25 24 2.0

WR 141....... 2021 33.2 +36 55 36 2.1

WR T42 oo 20 21 38.2 +37 23 38 1.9
3EG J2227+6122:

PSR 1222946144 ..o, 2229 05.3 +61 14 09.3 22

87GB B2226+6122.......ooooeeeeeeeeen. 22 28 38.0 +61 37 42.0 2.8
3EG J2248+1745:

A48 22 48 45.0 +17 09 30.0 1.7
3EG J2255+1943:

J225617.9+205257% .o, 2256 17.9 +20 52 57.0 4.4

J225906.4+192637% ..o, 22 59 06.4 +19 26 37.0 2.7

Nortes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and

645

arcseconds. The upper limit on the integral y-ray flux above an energy of 350 GeV is at the 99% confidence level.
* The standard RASS-BSC prefix of 1RXS is omitted for formatting purposes.

energies above 10 GeV and showed that three photons are con-
sistent with having originated from the location of the radio
source, with a probability of 1.9 x 1076 of the correlation occur-
ring by chance.

Assuming that the y-ray source indeed corresponds to the ra-
dio/ X-ray source, an SED for 3EG J0433+2908 based on archival
data is shown in Figure 6. No successful redshift measurements
have been made for this object, Halpern et al. (2003) report on re-
peated attempts to determine the redshift and argue that z > 0.3.

The upper limit on VHE emission is displayed with the 3EG
spectrum in Figure 5d. To reconcile the limit with the increasing
EGRET spectrum a cutoff in the spectrum at an energy greater than
10 GeV is required. For this candidate, additional observations
were made pointed directly at the radio/X-ray source. These data
provide a more sensitive limit on emission from the point source.
An integral flux limit of F(>350 GeV) < 0.76 x 10~ cm™2s~!
is derived from all of these data combined, and is displayed in
Figure 6. It must be noted that the figure was produced with non-
contemporaneous data and should be considered as approximate.
The double-peaked structure is clearly visible, with the peak in the
synchrotron emission occurring somewhere in the optical to X-ray
band and the peak in the IC emission occurring between the high-
energy and VHE ~v-ray regimes.

It is reasonable to conclude that there is a cutoff between 10
and ~100 GeV, either due to a feature intrinsic to the source
spectrum or due to absorption of the ~-ray signal in the IIRF
(considering z > 0.3). Alternatively, it is possible that the state
of the object was different when the various observations were
made, i.e., flaring when EGRET observed it and quiescent dur-
ing the VHE observations, in which case a cutoff may not be
required. However, since the EGRET spectrum is calculated as
a mean over all viewing periods, it is unlikely to correspond
purely to the source spectrum during flaring periods.

6.5. 3EG J0450+1105

3EG J0450+1105 has one of the softer spectra of the sources
chosen in this survey but is listed as a “source of GeV gamma
rays based upon the search for repeating, weak outbursts” in the

second part of the GeV catalog (Macomb & Lamb 1999) and is
consistent with being variable at 100 MeV.

Mattox et al. (2001) suggest that the y-ray source is associ-
ated with the radio source B0446+1116, an AGN. Halpern et al.
(2003) confirm this association and present their attempts to
resolve a redshift for the object. They claim that the accepted
redshift of z = 1.207 is likely incorrect, and that the featureless
spectrum they obtained makes it impossible to derive an un-
ambiguous redshift. Depending on how the minor features in
the spectrum are interpreted, they suggest z = 0.74 or z = 0.21
as possible values for the redshift, with the lower value being
less likely. Figure 6 shows the SED for the radio source ob-
tained from published data. The SED shows the two-peaked
structure typical of a low-frequency peaked BL Lac (LBL). The
upper limit derived for the location of the radio source is also
shown. Because of the soft spectrum, the VHE upper limit does
not constrain the emission significantly.

6.6. GelV J0508+0540

GeV J0508+0540 is listed in the GeV catalog as a “low-
significance source” and was not detected significantly at
100 MeV. Dingus & Bertsch (2001) list two EGRET photons
with energies greater than 40 GeV consistent with coming from
the object. On the basis of the improved PSF at these energies,
the photons are attributed to the BL Lac 0509+056, with high
probability. Halpern et al. (2003) report several unsuccessful
attempts to measure the redshift of this object; the optical spec-
tra they recorded were featureless and no host galaxy could be
resolved.

Assuming that the association with the BL Lac is correct, this
source was observed in the “Tracking” mode, which is opti-
mized for point-source objects. No emission map is presented in
Figure 4, the limit at 350 GeV is shown in Figure 5Se.

6.7. 3EG J0613+4201

3EG J0613+4201 is a 100 MeV and 1 GeV ~-ray source at
mid-Galactic latitude with a relatively hard spectrum, weak flux,
and large error box. Although Nolan et al. (2003) list a relatively
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Fic. 4.— Continued

large variability index, the 68% lower bound on the index is
consistent with a steady source. Mattox et al. (2001) list three
possible radio counterparts for the source, all outside of the 95%
3EG contour. None of the potential associations are very com-
pelling, in each case the probability of the association being
correct is listed as <10~%. The limit calculated from our obser-
vations is not sensitive enough to rule out a simple extrapola-
tion of the EGRET spectrum into the VHE regime.

6.8. 3EG J0628+1847

Despite being close to the Galactic plane, Romero et al.
(1999) report no positional associations for 3EG J0628+1847
with known SNRs, OB associations, or W-R and O-type stars.
Mattox et al. (2001) list two radio sources from the Green Bank
catalog in the field, one just inside the 95% confidence contour,
the other just inside the 99% contour. The second, 87GB 0628+
1971, is coincident with a ROSAT X-ray source (Laurent-

Muehleisen et al. 1997) and has an associated IR point source in
the Two Micron All Sky Survey catalog.

The VHE upper limit for the full EGRET field does not
constrain an extrapolation of the EGRET spectrum to 350 GeV
(Fig. 5¢). Assuming that the ~-ray source is associated with
87GB 0628+1911, an approximate SED for the object is
shown in Figure 6. The VHE limit appropriate to the source
location does not significantly constrain the spectrum above
10 GeV.

6.9. 3EG J0634+0521 and 3EG J0631+0642

The v-ray sources 3EG J0634+0521 and 3EG J0631+0642
both lie in the region of the Monoceros SNR, although neither is
explicitly associated with it in the 3EG catalog. In addition, the
source GeV J0633+0645 partially overlaps 3EG J0631+0642
and is listed as a possible counterpart to the SNR in Lamb &
Macomb (1997).
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tion of the Journal for a color version of this figure.]
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The shell-type SNR G205.5+0.5, or Monoceros Loop Nebula,
is 220’ in diameter, the fifth largest SNR in Green (2001). The
SNR is thought to be 1.39 + 0.1 kpc distant and approximately
(3-20) x 104 yr in age, i.e., in the Sedov expansion phase.
Monoceros was first recognized as a source of 100 MeV ~-rays
by Esposito et al. (1996). Jaffe et al. (1997) presented a map of
EGRET ~-ray emission over a large area around the SNR, in
which they found evidence for an extended emission feature in
the direction of the Rosette nebula. They suggest that, since
~-ray emission was not seen uniformly across the remnant, the
~-rays are produced in a region of enhanced shock acceleration
at the interaction between the remnant and the nebula. Kaaret
et al. (1999) used the BeppoSAX narrow-field instruments to
image the region around 3EG J0634+0521 and discovered a
point source with a hard spectrum, SAX J0635+0553. They re-
port an optical counterpart, which is likely a B-type companion
star, and conclude that if the -ray emission is associated with the
system (or a portion of it is), then it is a y-ray—emitting X-ray
binary. Further X-ray observations revealed a 33.8 ms pulsation
(Kaaret et al. 2000). In a recent study of all potential EGRET
SNR counterparts, Torres et al. (2003) suggest that the source of
the y-ray emission is far from resolved. The fact that BeppoSAX
did not discover extended emission from the region, as would be
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expected in a shock acceleration scenario, suggests that the bi-
nary may be responsible for the «-ray emission. However, no
orbital variations are seen in the «-ray signal. Analysis of the
pulsar energetics and accretion rate further confuses the issue;
see Torres et al. (2003) for a review. Lucarelli et al. (2001) report
preliminary evidence for VHE ~-ray emission from the region
with the HEGRA telescope system. The VHE emission was ex-
tended and was not coincident with the BeppoSAX source. No

Torres et al. (2003) suggest that 3EG J0634+0521 might be a
composite source, with the BeppoSAX source being responsible
for a portion of the EGRET ~-ray flux and the bulk of the X-ray
emission, while interactions between the SNR and the Rosette
Nebula may contribute to the 3EG flux and account for any VHE
emission. They predict that if a composite source is responsible,
a spectral break should be detected between the EGRET and
ground-based 7-ray regimes. For 3EG J0631+0642 a pure shock
acceleration model is sufficient to explain the 3EG flux.

Romero et al. (1999) studied potential positional associa-
tions between 3EG sources and SNRs, OB associations, and
W-R type and O-type stars. They report two O-type stars and
two OB associations in the region in addition to the Monoceros
SNR: from a catalog of O-type stars (Cruz-Gonzalez et al.
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Fic. 6.—Spectral energy distribution (SED) for 3EG J0433+2907 (top left), 3EG J0450+1105 (top right), and GeV J0628+1847 (bottom) from noncontemporaneous,
archival data. The upper limits at 350 GeV from observations with the Whipple 10 m telescope as presented in Table 5 are shown as heavy arrows. [See the electronic

edition of the Journal for a color version of this figure.]

1974) HD 46150 and HD 46223 and from a catalog of OB-
associations (Mel’Nik & Efremov 1995) Mon OB 2A and
Mon OB 1B.?> Mon OB 1B lies just outside of the region stud-
ied in this work.

No significant VHE emission was detected in the field; Fig-
ure 44 presents the upper limits derived from the observations.
The figure shows the EGRET contours for both sources, with
3EG J0634+0521 toward the lower left. The GeV source is in-
dicated as a dashed circle overlapping 3EG J0631+0642. The
dash-dotted circle toward the bottom of the figure indicates the
location of Mon OB 2A, with the two O-type stars, each marked
by a cross within. Finally, the location of SAX J0635+0533 is
marked as a cross near the center of 3EG J0634+0521.

The extrapolated EGRET spectra for both sources are shown
in Figures 54 and 5i with the upper limits at 350 GeV. These
observations do not require a break in the spectrum of either
source and cannot substantiate (or refute) the two-component
model of Torres et al. (2003). Although the previous upper
limits derived from observations with the Whipple Telescope

25 Romero et al. (1999) refer to Mon OB 2B, which is not in the catalog.
Mon OB 1B is the correct source association.

(Lessard et al. 1999) had a lower flux value, the observations
were made at higher energy and do not constrain the extrapo-
lated EGRET spectrum. The previous limits are shown on the
figure at 500 GeV.

6.10. 3EG J1009+4855

Very little is known about 3EG J1009+4855 at other wave-
lengths. The EGRET catalog suggests a weak association with
the radio/X-ray source B1011+496, a known AGN at redshift
of z = 0.2. Mattox et al. (2001) list the probability of that as-
sociation as 2 x 10~#; the radio source lies outside of the large
99% error contour, and the association seems unlikely. The VHE
upper limit does not significantly constrain the wide range offlux
uncertainties in the 3EG spectrum.

6.11. 3EG J1323+2200

EGRET detected variable emission from the high-latitude
source 3EG J1323+2200. During most of the viewing periods
(VPs) for which it was in the field of view no emission was
detected; during VP 308.0 a flux of (68.4 & 22.6) x 1078 cm 2
s~! was measured, more than 10 times the time-averaged flux
listed in the catalog. The source is listed in the GeV catalog as
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Fic. 7.—Significance of excess y-ray—like events detected from the region of
3EG J1337+5029 (light solid lines). The 3EG likelihood contours are shown as
heavy lines, the cluster is shown as a dot-dashed circle, and the various other
sources in the field are shown as crosses.

a “source of GeV gamma rays based upon a search for repeat-
ing, weak outbursts.” Mattox et al. (2001) lists four potential
associations with radio sources, two of which are within the 95%
confidence contour. The most likely association, just outside
of the 95% contour, is listed as having a probability of ~1%.
Sowards-Emmerd et al. (2003) list three candidates with red-
shifts of z > 0.9, none of which are regarded as having “high
confidence.” Upper limits on emission are presented in Figure 4/
with the four radio sources, displayed as crosses. The limits do
not significantly constrain an extrapolation of the EGRET spec-
trum to 350 GeV.

6.12. 3EG J1337+5029

The ~-ray source 3EG J1337+5029, at Galactic latitude of
+65°, has a spectral index of 1.83 & 0.29, the fourth hardest
among the unidentified sources. Nolan et al. (2003) list the var-
iability as being consistent with a steady source at the 68% con-
fidence level; it was detected significantly in four of six VPs.

Colafrancesco (2002) suggests that the y-ray source is as-
sociated with the galaxy cluster A1758 (Abell et al. 1989), with
diameter 22’ and redshift z = 0.279. However, a subsequent re-
analysis of the coincidence between EGRET sources and known
clusters (Reimer et al. 2003) has ruled out this association. In-
deed, the association with the cluster is cast into doubt when the
EGRET confidence contours are plotted; the cluster lies outside
of the 95% probability contour to the west.

Four radio sources from the NRAO VLA Sky Survey (NVSS)
are coincident with the cluster. There are five additional ROSAT
All-Sky Survey Bright Source Catalog (RASS-BSC) X-ray
sources in the field, four within the 95% contour; some have radio
counterparts in the NVSS. The RASS-BSC lists some potential
associations for the X-ray sources, two with stars, and one with an
AGN and a star. Limits are presented for each of the X-ray sources
irrespective of these associations. Mattox et al. (2001) list two un-
likely radio associations from the Green Bank catalog, one outside
of the 99% contour, the other just inside. These seven sources are
shown on Figure 7. Two X-ray sources inside the cluster have

Fic. 8.—Significance of excess y-ray—like events, detected from the region
of 3EG J2227+6122 (light solid lines). The 3EG likelihood contours are shown
as heavy lines. The GeV source location is indicated by the heavy dashed line
and the nearby OB association as a dot-dashed line which barely overlaps the
region, to the west.

been omitted in light of the combined, extended source discussed
by Boéhringer et al. (2000).

The VHE observations result in a broad excess, approxi-
mately 1°0 x 0%5 in extent, which lies along the 99% contour to
the northwest of the 3EG catalog position. The significance of
the excess is plotted in Figure 7. The peak in the excess has an a
priori statistical significance of ~4 ¢, making it the most sig-
nificant of all the observations in this survey. Since emission was
not predicted from this particular location a priori, the true
probability of obtaining such a result by chance, given the num-
ber of sources observed in this survey and the combined size of
the EGRET error boxes must be evaluated. This is done by first
calculating the number of “independent measurements” in the
survey. For example, it is estimated that ~200 measurements
lie within the 95% contours for the 18 sources analyzed using
the two-dimensional technique in this survey. An equivalent
Gaussian significance of the probability of obtaining such a re-
sult by chance can then be calculated. In the case of a 4 o excess
with 200 trials, the equivalent significance is ~2.5 o. Since this
excess is not within the 95% contour, but rather the 99% contour,
the number of trials is larger than 200 and its true significance
lower than ~2.5 ¢. Given this conservative approach and that the
data set for this source is so small (~2.5 hr), we do not claim to
have seen emission from this source. However, the excess gives
an a priori expectation of emission from this location, and is a
strong reason to make follow-up observations.

Since VHE emission is not claimed, upper limits for the region
and potential associations are presented in Figure 4k. Figure 5/
shows the upper limit, which rules out half of the flux space
allowed by extrapolating the EGRET spectrum to 350 GeV.
Ongoing observations will either detect emission from this source
or further constrain its spectrum.

6.13. 3EG J1826—1302 and 3EG J1823—1314

The low-latitude ~-ray sources 3EG J1826—1302 and 3EG
J1823—1314 are close enough that they both lie in the Whipple
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camera field of view. 3EG J1826—1302 has a relatively hard,
well-determined spectrum and a large 100 MeV flux, and shows
evidence of being variable, while 3EG J1823 —1314 has a softer
spectrum, a large flux, and is less variable. The centers of the
sources lie approximately 0°8 apart, a separation that is con-
siderably smaller than the EGRET point-spread function at
100 MeV; they are listed in the 3EG catalog as having positions,
fluxes, and significances that could be affected by source con-
fusion. GeV J1825—1310 overlaps both of the 3EG sources
but is more consistent with 3EG J1826—1302. A third EGRET
source, 3EG J1824-1514, is also close to these sources (~2°)
and is partially within the field of view of the VHE observa-
tions, as described below.

ASCA observations of the region (Roberts et al. 2001) reveal
a previously unknown extended X-ray source, denoted AX
J1826.1-1300, thought to be a pulsar wind nebula (PWN). The
putative PWN is centered on the source 3EG J1826—1302 and
makes a good potential counterpart for the y-ray source. A pulsar/
PWN origin would account for the hardness of the EGRET spec-
trum. The variability index of 6 = 0.88 is indicative of a variable
source and consistent with the mean value for the known PWN
~-ray sources (Nolan et al. 2003), but inconsistent with the mean
value for pulsars. The 4SCA images show extended emission
near the nonthermal radio source SNR 18.1—0.2, reported as a
possible SNR by Odegard (1986), but not adopted as such by
Green (2001). This emission is consistent with the 100 MeV
source 3EG J1823—-1314.

The much studied PSR B1823—13, a young, energetic, Vela-
like pulsar, is contained within the 95% error contour of 3EG
J1826—1302. The source has been targeted for VHE observa-
tions with the Whipple (Hall et al. 2001 and references therein)
and HEGRA (Aharonian et al. 2002; identified as PSR J1826—
1334) telescopes, with integral flux limits of F(>520 GeV) <
0.91 x10~"" em™2?s~'and F(>1700 GeV) < 0.48 x 10~ cm™2
s~! being derived, respectively. Gaensler et al. (2003) present
deep XMM-Newton observations of the pulsar, in which they
discover two components of emission, a core of hard X-ray
emission of 5” extent surrounded by an asymmetric region of
fainter, softer, diffuse emission toward the south of the pulsar.
They do not detect the radio pulsar, either as a compact point
source or through pulsations. No associated SNR is seen.

Green (2001) report three SNRs within the field of view of the
VHE observations, one of which, G18.8—0.3 (or Kes 67), was
suggested by Sturner & Dermer (1995) as a candidate for a
source in the first EGRET catalog (GRO 1923 —12 from Fichtel
et al. 1994). None of the SNRs (shown as the three smaller dot-
dashed ellipses in Fig. 4/) are within the 95% confidence con-
tours of the two EGRET sources reported on here. Romero et al.
(1999) lists a positional coincidence between the three EGRET
sources in the field and the OB association Sct OB 3. The as-
sociation (largest dot-dashed ellipses in Fig. 4/) does not sig-
nificantly overlap 3EG J1826—1302 or 3EG J1823—1314 but
does show some overlap with 3EG J1826—1302 and with the
SNR G16.8—11. Previous VHE limits for the three SNRs (and for
many other Galactic SNRs) have been presented by the HEGRA
collaboration (Aharonian et al. 2002). Mattox et al. (2001) do not
have potential radio candidates for these 3EG sources. The RASS-
BSC contains two X-ray sources in the field.

The VHE upper limits for both objects are displayed in
Figures 5m and 5n. The limit derived for the region of 3EG
J1826—1302 constrains the hard EGRET spectrum to the softest
spectrum allowed by the errors in the 100 MeV flux and spectral
index. It is likely that a cutoff in the spectrum occurs between the
highest EGRET flux point, at 6 GeV, and the VHE observations.
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In the case of 3EG J1823—1314, the softer EGRET spectrum is
not constrained by the VHE upper limit.

6.14. 3EG J1835+5918

3EG J1835+5918 has the hardest spectral index and smallest
error circle among all the EGRET sources classified as un-
identified. The source was detected consistently throughout the
EGRET mission. The hard spectrum and low variability suggest
an association with a pulsar, although none have been defini-
tively identified in the field.

The source has been extensively studied at radio, optical, and
X-ray energies by two independent groups (see Reimer et al.
2002; Halpern et al. 2002 and references therein), who present
compelling evidence that the source is associated with an iso-
lated neutron star, possibly a radio-quiet, Geminga-like pulsar.
Mirabal et al. (2000) report on a series of observations with many
different instruments across the spectrum, which narrowed the list
of potential ROSAT and ASCA X-ray candidate associations in the
95% error contour from 10 to 1: RX J1836.2+5925. Optical/UV
photometry uncovered 40 possible AGNS in the field, based on a
search for broad UV continuum emission. Twenty radio sources
were found in archival VLA observations or standard radio cat-
alogs. No flat-spectrum radio sources, which could correspond to
FSRQs and BL Lacs, the only AGN identified as EGRET sources
to date, were identified in the field. Follow-up optical spectra of
the candidates revealed that most of the X-ray sources were distant
AGN or G- to M-type stars. Only RX J1836.2+5925, the brightest
of the ROSAT sources, was unidentified in the initial optical sur-
vey, and it was selected as the mostly likely counterpart for the
~-ray source, although its properties were unlike any other known
EGRET source.

Mirabal & Halpern (2001) report a reanalysis of the ROSAT
data in which soft X-ray emission below 0.4 keV became ap-
parent, which they conclude is thermal emission from the sur-
face of an isolated neutron star. Subsequent observations with
the Chandra X-ray satellite and Hubble Space Telescope (HST
Halpern et al. 2002) make this conclusion very compelling; the
excellent resolution of the Chandra instrument rules out all pos-
sible optical counterparts in the HS7 image, down to the limiting
magnitude of V' > 28.5. These observations make an associa-
tion with an AGN very unlikely and constrain the distance and
temperature of a neutron star (NS) candidate. They conclude that
it must be very distant (compared with the Geminga pulsar), with
d =~ 800 pc. Given a standard model for NS cooling, they calcu-
late an age of ~10° yr. No SNR was detected around the pulsar
in sensitive VLA observations; it seems likely that the NS was
ejected from the remnant at birth and traveled to its present lo-
cation. If the NS started in (or near) the Galactic plane and the
putative distance of 800 pc is correct, the NS must have traveled
a distance of 340 pc to reach its present location (latitude of b =
25°); Halpern et al. (2002) conclude that such a distance is not
unreasonable, given the age of the NS.

The limit on the VHE emission, displayed in Figure 50, con-
strains an extrapolation of the EGRET spectrum. A cutoff is re-
quired in the spectrum between the highest EGRET energies
and 350 GeV, supporting the case for a pulsar origin of the
~-rays. Reimer et al. (2001) and Halpern et al. (2002) suggest
independently that this cutoff is visible in the 4 GeV EGRET
point, which is considerably below the expected power-law flux.

6.15. GeV JI1907+0557

The GeV source J1907+0557 does not have a counterpart
100 MeV EGRET source, although 3EG J1903+0550 is listed
incorrectly in the 3EG catalog as being associated with it; there
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is very little overlap at the 95% confidence level. Sturner &
Dermer (1995) suggest that a first EGRET catalog source in the
region is associated with the SNR G40.5—0.5; an association of
the SNR with the revised positions of the GeV and 3EG sources
seems unlikely. There are two additional SNRs in the region
listed by Green (2001), but neither is a likely counterpart for the
GeV source. One of them (G39.2—0.3) is listed by Torres et al.
(2003) as a counterpart to the 3EG source. Roberts et al. (2001)
present an ASCA image of the GeV source in which they have
discovered an extended X-ray source, AX J1907.4+0557. No
other X-ray sources appear in the 4SCA image, which covers
approximately half of the region within the GeV 95% contour.

The center of the GeV source was observed with the Whipple
instrument. These observations show a large excess of y-ray—
like events whose reconstructed origins are distributed across
the on-source region, from the center of the field to a distance of
>178 from the center, by which point the number of events drops
quickly because of the limited field of view of the instrument.
It is unlikely that such a broad excess is the result of y-ray
emission from a large, extended source; rather it is likely to be
the result of a difference in brightness between the on- and off-
source regions that is not completely compensated for by the
data analysis algorithm. In order to remove this systematic ef-
fect, the number of events in an annulus defined by 1%4 <
dist < 1°8 (Reynolds et al. 1993) is calculated from the on-
source and off-source data and their ratio is used to scale the
number of off-source counts to the number in the on-source
region. After this rescaling, no significant excess or deficit is
present. An upper limit to the integral flux of F(>350 GeV) <
3.0x 107" cm~2 57! is placed on emission from within the GeV
error circle. The HEGRA group derive a limit on the integral flux
of F(>700 GeV) < 0.3 x 10712 cm~2 s~ from this source based
on a considerably longer exposure (Rowell et al. 2003).

6.16. GeV J2020+3658 (3EG J2021+3716
and 3EG J2016+3657)

The first two catalogs of EGRET point sources listed a y-ray
source in the region of the field of the COS B source 2CG 075+
00. Further data resolved two separate sources, 3EG J2021+
3716 and 3EG J2016+3657, each with a differential spectral in-
dex of ~2.0. The GeV catalog also lists a source in the region,
GeV J2020+3658, which is suggested in the 3EG catalog as a
counterpart for 3EG J2016+3657. Roberts et al. (2001) note
that the GeV source is more likely to be associated with 3EG
J2021+3716, with which it has considerable overlap.

An ASCA image of the GeV source region revealed two
bright X-ray sources, one corresponding to a massive W-R bi-
nary star system (WR 141) with a21.6 day periodicity (Roberts
et al. 2001). The second, identified as AX J2021.1+3651 was
seen to have a nonthermal spectrum; subsequent investigations
with the Arecibo radiotelescope revealed a young, energetic
pulsar, PSR J2021+3651, with period of 104 ms (Roberts et al.
2002). The ASCA image also reveals extended X-ray emission,
which may be thermal emission from an SNR or a nearby mas-
sive star. The pulsar is an intriguing candidate for the v-ray
source, in light of its hard spectrum and relatively low vari-
ability. The pulsar is located well within the 95% confidence
region of the GeV source. Its positional association with the
3EG source is less clear; it lies just outside of the 99% contour.
If the 3EG and GeV sources correspond to the same object, the
W-R star system is a better positional association, although it is
not contained within the 95% contour of the 3EG source. Fi-
nally, a second W-R type star, WR 142, is located north of the
3EG catalog position, well within the 95% region. Source con
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fusion between the adjacent EGRET sources probably means
that there are systematic errors in the positions of the confidence
contours for both 3EG sources and the GeV source. Roberts et al.
(2002) conclude that the pulsar is the most conservative associa-
tion, being a member of the only class of Galactic y-ray sources
to be unambiguously identified to date.

Mukherjee et al. (2000) and Halpern et al. (2001a) pre-
sent detailed multiwavelength observations of 19 X-ray sources
from the ROSAT faint source catalog consistent with 3EG J2016+
3657. Most have stellar associations: W-R type systems, binaries,
cataclysmic variables, and O- and B-type stars that are members
of the OB association Cyg OB 1. These candidates are generally
dismissed by Halpern et al. (2001a). Two ROSAT sources appear
to be plausible candidates for the y-ray emission, one an SNR
G74.9+1.2 (or CTB 87), the other a flat spectrum radio source
TXS B2013+370 (or G74.87+1.22), which overlaps the position
of the SNR but is not related to it. The SNR has a filled center
morphology, flat radio spectrum, and high polarization, typical of
a synchrotron nebula. No associated pulsar has been detected.
Based on its low X-ray luminosity and large distance of 12 kpc,
Halpern et al. (2001a) argue that the energetics of the system are
not sufficient to account for the ~y-ray source. Multiwavelength
observations of TXS B2013+370 (Mukherjee et al. 2000) reveal
that it has the properties of a blazar at radio, optical, and X-ray
wavelengths. The flux variability seen in the EGRET data was
also seen in optical observations of the radio source. Halpern
et al. (2001a) conclude that, based on the population of 66 well-
identified blazars at higher Galactic latitudes, it would be ex-
pected to find at least one in the region of —1° < b < +1°.
A redshift is not known for this object.

Romero et al. (1999) suggest that the y-ray emission may be
associated with the OB association listed as Cyg OB 1,8, 9 in
the catalog of Mel’Nik & Efremov (1995). The OB association
is large (~6°5 x 3°5) and is listed as a possible counterpart to six
EGRET sources, including the two of concern here. Finally, the
RASS-BSC lists two bright X-ray sources. One corresponds to
WR 138; the other is located far from the EGRET sources but is
displayed in Figure 40 for completeness.

In the case of 3EG J2021+3716, the VHE observations con-
strain an extrapolation of its hard spectrum, Figure 5¢. If the as-
sociation with the pulsar is correct, the upper limit for the pulsar
constrains the emission further, as indicated in the figure by the
lighter shaded upper limit at 350 GeV. A cutoff in the spectrum
above 10 GeV is required to accommodate either limit; such a
cutoff is consistent with the hypothesis that the object is asso-
ciated with a pulsar. In the case of 3EG J2016+3657, Figure 5p,
the emission is not well constrained by the limit for the large 3EG
error box, which extends close to the edge of the field of view of
the VHE observations, where the instrument is significantly less
sensitive. If the blazar or SNR association is correct, the emission
is somewhat constrained by the limit, although not significantly
(lighter upper limit in Fig. 5p).

6.17. 3EG J2227+6122

Halpern et al. (2001b, 2001c) report on multiwavelength ob-
servations of six possible X-ray counterparts in the region of
3EG J2227+6122. Optical observations identified five of the
sources with stars; the sixth remained unidentified. Radio ob-
servations revealed only one radio source, coincident with the
unidentified X-ray source, which was subsequently identified as
a young, 51.6 ms radio pulsar: PSR J2229+6144. Since the ra-
dio and v-ray observations were not contemporaneous, and the
timing ephemeris for a young pulsar cannot be extrapolated back
in time as the pulsations are unstable, a search for pulsations in
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the EGRET data could not be performed. Halpern et al. (2001c)
conclude that since no other X-ray or radio counterpart is found
to be consistent with the y-ray source, it is more conservative to
accept the association with the pulsar than to reject it.

Mattox et al. (2001) noted that 87GB B2226+6122, a radio
source that corresponds to a Galactic H 1 region (Sharpness
141), lies within the error box. In addition, Romero et al. (1999)
list the OB association Cep OB 2B as a possible counterpart,
although there is no overlap between the 95% contour of the
3EG source and the OB association; their centers are separated
by ~3°8.

VHE observations result in an excess of y-ray—like events
within the 95% confidence contour, at an a priori significance of
3.2 o (Fig. 8). The excess does not coincide with the pulsar or
with the only RASS-BSC X-ray source in the region (1RXS
J223500.5+604935). Given that there is no a priori reason to
expect emission from the location of the excess, the post-trial
probability of obtaining such an excess is calculated to have an
equivalent Gaussian significance of ~1.2 ¢. As in the case of
3EG J1337+5029, the probability is below what is required to
claim a detection. The upper limit does not significantly con-
strain the extrapolated EGRET spectrum (Fig. 5r).

6.18. 3EG J2248+1745

Very little is known about this source. Colafrancesco (2002)
note that the cluster A2248, at redshift of z = 0.143, lies within
the 95% contour, but it is an unlikely counterpart owing to the
variability of the EGRET source. Mattox et al. (2001) list the
well-studied flat-spectrum radio source 87GB B2251+1552
(3C454.3,an AGN atz = 0.86) as an unlikely association. The
radio source lies well outside of the 99% contour and is a far
more likely counterpart for 3EG J2254+1601. The RASS-BSC
contains one bright X-ray source with the EGRET 99% contour,
IRXS J224441.6+175418. Because of the large uncertainty in
the EGRET location, the VHE upper limit for the source region
is higher than most of the limits presented in this survey. An
extrapolation of the EGRET spectrum to 350 GeV is not sig-
nificantly constrained by the limits.

6.19. 3EG J2255+1943

The EGRET source 3EG J2255+1943 has the largest posi-
tional error and variability index of all of the sources considered
in this survey. The diameter of the 95% error contour is larger
than the field of view of the Whipple camera, and the contour is
not closed in the significance map from the online version of the
3EG catalog. Since the total error box is not contained within
the field of view of the instrument, an upper limit is not pre-
sented for the source.

7. DISCUSSION

Multiwavelength observations have proved to be the most pow-
erful tool available to investigate the origin of the high-energy
emission from the unidentified EGRET sources. For a number
of such sources, X-ray, radio, and optical observations have nar-
rowed the list of scientifically viable, potential candidates. In some
cases, such observations have ruled out all but one candidate. This
survey was undertaken in the hope that VHE emission would be
detected from one of the sources chosen and that the higher spa-
tial resolution achievable with the ground-based technique would
allow the source of the y-ray emission to be identified. There is
significant overlap between the VHE source catalog (Horan &
Weekes 2004) and the EGRET sources; seven of the 18 credible
VHE sources were also seen by EGRET at some level. Of the
two categories of sources unambiguously identified by EGRET,
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blazars and pulsars, detections of eight BL Lac type blazars have
been claimed at TeV energies. No pulsars have been directly de-
tected by ground-based instruments, but some EGRET pulsars are
associated with PWN which, like the Crab may be visible to VHE
~-ray instruments.

In total, results from VHE observations of 21 EGRET sources
are reported, more than 10% of the unidentified source popula-
tion. The observations yielded an average of 5 hr of data from
each source. When the survey was initiated, little was known
about many of the observed sources, outside of what was pub-
lished in the 3EG catalog. Since that time, our understanding of
these sources has advanced considerably, both through work on
the population as a whole and through multiwavelength obser-
vations of individual sources. Of particular note in the first cat-
egory is the calculation of source variability by Nolan et al. (2003)
and the systematic correlation of the sources with radio sources
(Mattox et al. 2001) and SNRs, OB associations, and massive
stars (Romero et al. 1999). Through multiwavelength studies, six
of'the sources studied here can now be considered identified: 3EG
J0010+7309 (possible pulsar), 3EG J0241+ 6103 (variable radio
source), 3EG J0433+2907 (blazar at z > 0.3), 3EG J1835+5918
(neutron star), GeV J2020+3658 (radio pulsar), and 3EG J2227+
6122 (radio/ X-ray pulsar). None of these would have been con-
sidered a good candidate for TeV emission.

Some of the fainter, mid-latitude EGRET sources could be
accounted for by Geminga-like pulsars. In fact, several of the
recent suggested identifications for the low-latitude EGRET
sources have turned out to be pulsars. Pulsar models predict
cutoffs below 350 GeV; hence it is not surprising that none were
detected in this survey. Polar-cap models predict a sharper cutoff
and a smaller population of radio-quiet pulsars than the outer-gap
models (Harding et al. 2004; Zhang et al. 2000). If there is a large
population of radio-quiet y-ray pulsars resulting from outer-gap
emission, they may be detectable with the next generation of
ground-based ~-ray instruments such as VERITAS and HESS.

Based on the number of observations made (i.e., the number
of sources surveyed and the number of independent bins in each
two-dimensional image), it cannot be claimed that VHE ~-ray
emission was detected from any of the sources at a significant
level. Two of these sources, 3EG J1337+5029 and 3EG J2227+
6122, have excesses with sufficiently low chance probability
that they would be considered as suggestive of y-ray emission if
the observations were taken in isolation from the rest of the
survey. In the case of J1337+5029, the location of the VHE
excess corresponds to the location of a cluster, A1758. If the
excess is the result of y-ray emission from the cluster, it would
represent a new class of VHE emission and it would be the most
distant source of VHE emission to date (at z = 0.279, consid-
erably more distant than H1426+428, the most distant VHE
blazar, at z = 0.129) and have important implications for the
density of the IIRF. The location of the VHE excess in the case
of J2227+6122 does not correspond to any of the suggested
associations for the EGRET source. To confirm (or refute) any
emission, independent follow-up observations will be made.
The excesses correspond to fluxes of 0.40 and 0.33 times the
integral Crab Nebula flux, at energies >350 GeV, respectively.
At this level, a 5-10 hr exposure on each source will be suffi-
cient for confirmation.

The next generation of ground-based instruments are more
than an order of magnitude more sensitive than the Whipple 10 m
telescope (Fig. 1). They are most sensitive to ~y-rays at approx-
imately ~100 GeV, with some sensitivity even below this en-
ergy. A survey of EGRET sources with one of these instruments
should have considerable success in detecting ~y-ray emission.
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