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ABSTRACT

The Astrophysical Radiation with Ground-based Observatory at Yang Ba Jing (ARGO-YBJ) detector is an extensive
air shower array that has been used to monitor the northern y -ray sky at energies above 0.3 TeV from 2007 November
to 2013 January. In this paper, we present the results of a sky survey in the declination band from —10° to 70°,
using data recorded over the past five years. With an integrated sensitivity ranging from 0.24 to ~1 Crab units
depending on the declination, six sources have been detected with a statistical significance greater than five standard
deviations. Several excesses are also reported as potential y -ray emitters. The features of each source are presented
and discussed. Additionally, 95% confidence level upper limits of the flux from the investigated sky region are
shown. Specific upper limits for 663 GeV y-ray active galactic nuclei inside the ARGO-YBJ field of view are
reported. The effect of the absorption of y-rays due to the interaction with extragalactic background light is

estimated.
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1. INTRODUCTION

Over the past two decades, great advances have been made
in very high energy (VHE) y-ray astronomy and almost 150
sources have been observed by ground-based y-ray detectors.
Several categories of VHE y-ray emitters have been firmly es-
tablished: active galactic nuclei (AGNs), pulsar wind nebulae
(PWNs), supernova remnants (SNRs), X-ray binaries (XBs),
and starburst galaxies. VHE y-ray astronomy, therefore, has
progressively introduced new ways to probe the non-thermal
universe and the extreme physical processes in astrophysical

sources. VHE y-rays are emitted by relativistic particles
accelerated at the astrophysical shocks that are widely be-
lieved to exist in all VHE sources. These shocks may accel-
erate protons or electrons. Relativistic electrons can scatter low
energy photons to VHE levels via the inverse Compton pro-
cess, while relativistic protons would lead to hadronic cas-
cades and VHE y-rays are generated by the decay of sec-
ondary 7% mesons. Hence, VHE y-ray observations are also
important for understanding the origin and acceleration of
cosmic rays.
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VHE y -ray emitters include Galactic sources and extragalac-
tic sources. Most of the identified Galactic sources belong to
PWNs, SNRs, and XBs; however, about one-third of them are
still unidentified.?’ Extragalactic sources are mainly composed
of blazars, including BL-Lac-type objects and flat spectrum
radio quasars (FSRQs). Due to interaction with extragalactic
background light (EBL), which causes a substantial reduction of
the flux, VHE y-ray observations are limited to nearby sources.
The most distant VHE source located to date is 3C 279 with a
redshift value of z = 0.536 (Albert et al. 2008a).

Recent advances in the observation of VHE y -rays are mainly
attributed to the successful operation of imaging atmospheric
Cherenkov telescopes (IACTs), such as H.E.S.S., MAGIC,
VERITAS, and CANGAROO, which made a majority of the
discoveries when searching for counterparts of sources observed
at lower energies (for a review, see Aharonian et al. 2008c).
To achieve an overall view of the universe in the VHE y-ray
band, an unbiased sky survey is needed, similar to that carried
out by Fermi and its predecessor EGRET at GeV energies.
The two surveys detected 1873 and 271 objects, respectively,
including 575 and 170 sources still unidentified (Nolan et al.
2012; Hartman et al. 1999). The H.E.S.S. collaboration has
made great progress in surveying the Galactic plane and has
revealed over 60 new VHE y-ray sources (Gast et al. 2011).
However, due to their small fields of view (FOVs) and low
duty cycles, IACTs are not suitable for performing a long-term
comprehensive sky survey. Although, with a sensitivity lower
than that of IACTs, extensive air shower (EAS) arrays, such as
Tibet ASy, Milagro, and Astrophysical Radiation with Ground-
based Observatory at Yang Ba Jing (ARGO-YBJ), are the only
choices available for performing a continuous sky survey of
VHE sources. To date, several surveys have been performed
by AIROBICC (Aharonian et al. 2002), Milagro (Atkins et al.
2004), and Tibet ASy (Amenomori et al. 2005). The latter two
surveys have resulted in the successful observation of y-ray
emissions from the Crab Nebula and Mrk 421. The best upper
limits at energies above 1 TeV are around 0.27—0.60 Crab
units achieved by the Milagro experiment. In 2007, Milagro
updated its survey of the Galactic plane and three new extended
sources were discovered (Abdo et al. 2007). Additionally, both
Milagro and ASy have observed some excesses from positions
associated with the Fermi Bright Source List inside the Galactic
plane (Abdo et al. 2009; Amenomori et al. 2010).

The ARGO-YBJ detector is an EAS array with a large FOV
and can continuously monitor the sky in the declination band
from —10° to 70°. With its full coverage configuration and its
location at a high altitude of 4300 m a.s.l., the energy thresh-
old of ARGO-YBJ is much lower than that of any previous
EAS array. Since the y-ray absorption due to EBL increases
with the y-ray energy, ARGO-YBJ, working with a threshold
of a few hundred GeV, is suitable for observing AGNs that ac-
count for 80% of the known y -ray sources as revealed by Fermi
(Nolan et al. 2012). Previously, the ARGO-YBJ collaboration
reported the search for emission of GeV-TeV photons from
gamma-ray bursts (Aielli et al. 2009a, 2009c) and the observa-
tion of flaring activity from AGNs (Bartoli et al. 2011a, 2012b),
and specific observations for extended sources inside the Galac-
tic plane (Bartoli et al. 2012a, 2012c¢, 2013). This paper presents
the analysis of a sky survey that searched for steady VHE
y-ray emitters using more than five years of data collected by
ARGO-YBI.

21 http://tevcat.uchicago.edu/ (Version: 3.400, as of 2013 July).
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2. THE ARGO-YBJ DETECTOR

The ARGO-YBJ detector, located at the Yangbajing Cos-
mic Ray Observatory (Tibet, China, 9025 east, 30°1 north), is
designed for VHE y-ray astronomy and cosmic-ray observa-
tions. It consists of a single layer of Resistive Plate Chambers
(RPCs; 2.8 m x 1.25 m) equipped with 10 logical pixels (called
pads, 55.6 cm x 61.8 cm each) used for triggering and timing
purposes. One-hundred and thirty clusters (each composed of
12 RPCs) are installed to form the central carpet of 74 m x
78 m with an active area of ~92%, surrounded by 23 additional
partially instrumented clusters (the “guard ring”). The total area
of the array is 110 m x 100 m. Further details about the de-
tector and the RPC performance can be found in Aielli et al.
(2006, 2009d). The arrival time of a particle is measured with
a resolution of approximately 1.8 ns. In order to calibrate the
18,360 Time to Digital Converter channels, we have developed
a method using cosmic ray showers (He et al. 2007). The cal-
ibration precision is 0.4 ns and the procedure is applied every
month (Aielli et al. 2009b).

The central 130 clusters began recording data in 2006 July,
while the “guard ring” was merged into the Data Acquisition
stream in 2007 November. The ARGO-YBJ detector is operated
by requiring the coincidence of at least 20 fired pads (Npaa)
within 420 ns on the entire carpet detector. The time of each
fired pad in a window of 2 us around the trigger time and its
location are recorded. The trigger rate is 3.5 kHz with a dead
time of 4% and the average duty-cycle is higher than 86%.

The high granularity of the apparatus permits a detailed
space-time reconstruction of the shower profile, including the
shower core and incident direction of the primary particle.
The shower core is estimated using a maximum likelihood
method by fitting the lateral density distribution of the shower
with an Nishimura-Kamata-Greisen—like function. The core
resolution (68% containment) is better than 10 m for events
with Np,g >100, and worsens for events with fewer pads.
The incident direction is reconstructed using the least squares
method assuming a conical shape of the shower front. The
conical correction coefficient defined in Equation (1) of Aielli
et al. (2009b), which describes the increase of time delay
with the distance to the shower core, is fixed at 0.1 ns m~!.
According to Eckmann et al. (1991), a systematic inclination
of the reconstructed shower direction exists if the shower
core is near the edge of the detector array. The effect has
been confirmed using ARGO-YBJ simulation data samples and
has been corrected using the method presented in Eckmann
et al. (1991). This correction has little effect for events with
Npag < 100 due to the large uncertainty in the core location,
while it can improve the angular resolution for events with
Npaa > 200 by ~20%. The improvement is better at higher
multiplicities.

To improve the sensitivity for y-ray source observation, an
optimization on the selection of the shower core position is
applied. The event selections are listed in Table 1, where R is
the distance between the shower core position and the carpet
center, and TS is the time spread of the shower front in the
conical fit defined in Equation (1) of Aielli et al. (2009b).
With these selections, more background cosmic rays than y-
rays are rejected and the corresponding angular resolutions
are also improved. Therefore, the sensitivity is improved by
10%-30% with respect to that with no event selection for a
Crab-like source in different Ny, ranges. The angular resolution
(ores) for events with different multiplicities is listed in Table 1.
The point-spread function (PSF) is fitted using a symmetrical
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Table 1

Event Selections and Number of Events

Npada Range R TS Ores Median Energy Number of Events Surviving Fraction
(m) (ns?)  (deg) (TeV) (x10%) (%)
[20, 40] No cut <80 1.66 0.36 128 73.0
[40, 60] No cut <80 1.34 0.56 102 74.2
[60, 100] <90 <80 0.94 0.89 39.3 53.4
[100, 130] <70 <80 0.71 1.1 8.87 45.1
[130, 200] <65 <80 0.58 14 8.62 439
[200, 500] <60 <80 0.42 2.8 8.06 459
[500, 1000] <50 <80 0.31 4.5 2.19 48.8
[1000, 2000] <40 <80 0.22 8.9 0.806 45.5
[>2000] <30 <80 0.17 18 0.317 34.7
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Figure 1. ARGO-YBJ effective areas for y-rays as a function of the energy for
the three zenith angles 6 = 10°, 6 = 30°, and & = 50°. The solid lines are
obtained with all the triggered events (Npag > 20), while the dotted lines with
the selected events as listed in Table 1.

(A color version of this figure is available in the online journal.)

two-dimensional Gaussian function with sigma = oys. The
angular resolution listed in Table 1 is for a y-ray shower. The
median energies depend on both the y-ray spectral index and
the source declination. The median energies exhibited in Table 1
are for y-rays from the Crab Nebula.

The effective area of the ARGO-YBJ detector for detecting
y-ray showers is estimated using a full Monte Carlo simulation
driven by CORSIKA 6.502 (Capdevielle et al. 1992) and by
the GEANT4-based code G4argo (Guo et al. 2010). The core
location of the shower is sampled inside an area of 1000 m x
1000 m around the carpet center. The effective areas for y-rays
at the three zenith angles 6 = 10°, 8 = 30°, and 8 = 50° are
shown in Figure 1 as a function of the primary energy from
10 GeV to 100 TeV. The solid lines are for all triggered events
with Npag > 20. The dotted lines show the effective areas after
applying the selections listed in Table 1. The effective area is
about 100 m? at 100 GeV and ~10,000 m? above 1 TeV for a
zenith angle of 10°.

The performance of the ARGO-YBJ detector array has been
thoroughly tested by measuring the cosmic ray shadow cast
by the Moon and the Sun (Bartoli et al. 2011b; Aielli et al.
2011). The angular resolution obtained using the Moon shadow
test is in good agreement with the Monte Carlo simulation.
The position of the shadow allows for the investigation of any
pointing bias. The east—west displacement is in good agreement
with the expectation, while a 0?1 pointing error toward the north

is observed. By studying the westward shift of the shadow due
to the geomagnetic field, the total absolute energy scale error,
including systematic effects, is estimated to be less than 13%
(Bartoli et al. 2011b).

3. DATA ANALYSIS

The ARGO-YBJ data used in this analysis was collected from
2007 November to 2013 January. The total effective observation
time is 1670.45 days. For the analysis presented in this paper,
only events with zenith angles less than 50° are used, and data
sets are divided into nine groups according to the number of
Npaq firing. The event selections listed in Table 1 are applied.
The number of events in each group and the fraction of selected
events are also listed in Table 1. The number of events used in
this work is 2.99 x 10!, which is 66.4% of the total number of
events recorded at zenith angles <50°.

For the data set in each group, the sky map in celestial
coordinates (right ascension and declination) is divided into a
grid of 0°1 x 021 bins and filled with detected events according
to their reconstructed arrival direction. The number of events is
denoted as n. To obtain the excess of y-induced showers in each
bin, the “direct integral method” (Fleysher et al. 2004) is adopted
in order to estimate the number of cosmic ray background events
in the bin, denoted as b. To remove the effect of cosmic ray
anisotropy on a scale of 11° x 11°, a correction procedure as
described in Bartoli et al. (2011a) has been applied. To reduce the
contamination from the Galactic Plane diffuse y-ray emission,
a specific similar correction procedure has been adopted in
the region of Galactic latitude | b |< 2°. Diffuse y-rays are
estimated on a scale of 16° x 4° in Galactic coordinates along
the Galactic Plane, and the contribution from a 5° x 4° window
around the source bin is excluded.

In order to extract the y-ray signals, the events in a circular
area centered on the bin within an angular radius of 20 are
summed after weighting with the Gaussian-shaped PSF. Each
bin is denoted as i. The weight is

1

w(r) = —— ¢ /0%, (1)

2
20

where r is the space angle to the central bin. Equation (9) in Li
& Ma (1983) is used to estimate the significance of the excess
in each bin. That is,

, 2

where

Ny =Y w(r)ni — b)), o(Ny) = \/Z wX(r)(nia +b;). (3)
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Table 2
Location of the Excess Regions

ARGO-YBJ Name R.AZ Decl.? 1 b S Associated

(deg) (deg) (deg) (deg) (s.d.) TeV Source
ARGO J0409—-0627 62.35 —6.45 198.51 —38.73 4.8
ARGO J0535+2203 83.75 22.05 184.59 —5.67 20.8 Crab Nebula
ARGO J1105+3821 166.25 38.35 179.43 65.09 14.1 Mrk 421
ARGO J1654+3945 253.55 39.75 63.59 38.80 94 Mrk 501
ARGO J1839-0627 279.95 —6.45 25.87 —0.36 6.0 HESS J1841-055
ARGO J1907+0627 286.95 6.45 40.53 —0.68 53 HESS J1908+063
ARGO J1910+0720 287.65 7.35 41.65 —0.88 4.3
ARGO J1912+1026 288.05 10.45 44.59 0.20 42 HESS J1912+101
ARGO J2021+4038 305.25 40.65 78.34 2.28 4.3 VER J2019+407
ARGO J2031+4157 307.95 41.95 80.58 1.38 6.1 MGRO J2031+41

TeV J2032+4130

ARGO J1841-0332 280.25 —3.55 28.58 0.70 4.2 HESS J1843—-033

Note. ? R.A. and decl. are celestial coordinates in J2000 epoch.

BARTOLI ET AL.

—— All region
...... |b]<2°,20°<1<90°

Number of entries per bin
3,

2
m \\HHH‘ \HHW‘ \\HHH‘ \HHW‘ \\HHH‘ T TTTTI

A IR BTSRRI ST SR A BT SUTI S NSO A

-5 0 5 10 15 20
Significance (o)

Figure 2. Pre-trial significance distribution for the whole sky map (thick solid
line). The thin solid line represents the best Gaussian fit. The significance
distribution for the Galactic Plane region with | b |< 2° and 20° <[ < 90° is
shown by the thick dotted line. The thin dotted line represents the best Gaussian
fit for this region.

(A color version of this figure is available in the online journal.)

The quantity o« is the ratio of the signal and background
exposures (Fleysher et al. 2004). The equation above can be
used for both one-group data sets and multi-group data sets. For
one-group data, the improvement of the significance compared
to the case with w(r) = 1 is about 10%. For the nine groups,
the improvement is about 40% for the analysis presented in
this work, compared with the traditional method of using one
average angular radius for all groups.

4. RESULTS
4.1. Sky Survey Results

The pre-trial significance distribution of the bins in the whole
map is shown in Figure 2. The distribution, with a mean value
of 0.002 and o0 = 1.02, closely follows a standard Gaussian
distribution except for a tail with large positive values, due to
excesses from several y-ray emission regions. Figure 3 shows
the significance map of the observed sky, in which the positions
of the excess regions are visible. Table 2 lists the locations of
the regions with significant standard deviations (s.d.) greater
than 4.5. For each independent region, only the coordinates

of the pixel with the highest significance are given. Based on
the distribution of negative values (Figure 2), a significance
threshold of 4.5 s.d. corresponds to ~2 false sources in our
catalog.

The Galactic plane is rich in potential y-ray sources, and
many VHE emitters have been detected. Recently, new candi-
dates within the Galactic plane have been reported by Milagro
and Tibet ASy (Abdo et al. 2009; Amenomori et al. 2010). The
significance distribution of the inner Galactic plane region (lon-
gitude 20° < / < 90° and latitude | b |< 2°) is also shown in
Figure 2. The Gaussian fit of the distribution has a mean of 0.40
and o = 1.04. In this case, due to significant excess, a tail is
present. The locations of the excesses with significance greater
than 4.0 s.d. are also listed in Table 2. The significance map of
the inner Galactic plane region (20° < [ < 90°, |b| < 10°) is
shown in Figure 4. For comparison, the known GeV and TeV
sources are marked in the figure. Four regions are significantly
higher than other regions, i.e., ARGO J1839—-0627, ARGO
J1907+0627, ARGO J1912+1026, and ARGO J2031+4157. To
explore the Galactic plane at different energies, the map obtained
using events with Np,q = 100 (corresponding to a median en-
ergy ~1.8 TeV) is shown in the bottom panel of Figure 4.

Only pre-trial significances are reported in Table 2. It is very
difficult to count the number of trials directly, given that the
significances for adjacent grid points are correlated since the
smoothing radius is larger than the grid spacing. Since the
smoothing radius is larger than the bin width, the significances
in adjacent bins are correlated, and a Monte Carlo simulation
is necessary to correctly evaluate the post-trial probabilities.
According to our simulations, a chance probability less than 5%
corresponds to pre-trial significance thresholds as high as 5.1 s.d.
anywhere in the map and 4.0 s.d. in the Galactic Plane. However,
since only ~70 known VHE emitters exist in the sky region
monitored by ARGO-YBJ, the post-trial significance increases
for any candidate source associated with a counterpart.

4.2. Characteristics of Each Source and Source Candidate

In the following, a detailed presentation of the sources and
candidates listed in Table 2 is given.

ARGO J0535+2203, detected at 21 s.d., is consistent in
position with the Crab Nebula. The location is 0°08 from
the pulsar, within the statistical error. The spectral energy
distribution (SED) derived from the ARGO-YBJ data, using the
conventional fitting method described in Bartoli et al. (2011a),
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(A color version of this figure is available in the online journal.)

in the energy range from 0.1 TeV to 35 TeV is dN/dE =
(3.00 £ 0.18) x 107'"(E/1 TeV) 262006 (Tev—! cm=2 s71).
Only statistical errors are listed here. The integral flux of
this spectrum is denoted as I, in the following text. The
integral flux above 1 TeV is 1.85 x 107! cm™2 s=!. It is
5.69 x 1071 cm™2 s~! above 500 GeV. This SED is consistent,

within the errors, with the results obtained by other experiments,
e.g., HEGRA, H.E.S.S., MAGIC, and Tibet ASy (Aharonian
et al. 2004, 2006; Albert et al. 2008b; Amenomori et al.
2009). A comparison among different experiments is shown in
Figure 5. The figure shows only statistical errors. The systematic
errors on the flux for point sources have been described in
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Figure 5. Spectral energy distribution of the Crab Nebula measured by ARGO-
YBJ and comparison with the measurements of HEGRA, H.E.S.S., MAGIC, and
Tibet ASy (Aharonian et al. 2004, 2006; Albert et al. 2008b; Amenomori et al.
2009). The solid line is the best fit to the ARGO-YBJ data using a power-law
function.

(A color version of this figure is available in the online journal.)

Bartoli et al. (2012a) and are found to be less than 30%. As
a standard candle, the Crab Nebula is used to estimate the
sensitivity of an experiment. The 5 s.d. one-year sensitivity
and the integrated sensitivity of ARGO-YBJ are shown in
Figure 6. Events with Ny > 20, Npag > 40, etc., are used
for this estimation. The integrated sensitivity using events
with Npag > 20 is 24% I, and the corresponding one-year
sensitivity is 55% I... The sensitivity decreases as energy
increases. The integrated sensitivity is about 1 I, above an
energy of 20 TeV.

ARGO J1105+3821, detected at 14 s.d., is consistent in posi-
tion with the blazar Mrk 421. This is an active source and many
outbursts have been detected by ARGO-YBJ over the past five
years (Aielli et al. 2010; Bartoli et al. 2011a; Chen 2013). Its
five-year average SED in the energy range from 0.1 TeV to
11 TeVisdN/dE = (1.3540.12) x 107'(E /1 TeV)~275+009
(TeV™' cm™2 s7'). The integral flux above 1 TeV is
(1.30 £ 0.11) x10~'"! cm™2 s~!, corresponding to ~0.70 Icp.

ARGO J1654+3945, detected at 9 s.d., is consistent in
position with the blazar Mrk 501. This source entered into
an active phase in 2011 October, according to ARGO-YBJ
observations (Bartoli et al. 2012b). Its five-year average SED
in the energy range from 0.2 TeV to 12 TeV is dN/dE =
(1.01 £ 0.11) x 107'"(E/1 TeV)= 2372018 (Tev—! cm™2 s71).
The integral flux above 1 TeV is (0.95 £+ 0.10) x 10~ ecm ™2 57!,
corresponding to ~0.51 Icpp.-

ARGO J1839—0627 is an extended source. Most of the excess
overlaps the extended region of the unidentified source HESS
J1841—055 even if the peak position is slightly displaced from
the center of HESS J1841—055 (Aharonian et al. 2008a). The
morphology detected by H.E.S.S. exhibits a highly extended,
possibly two- or three-peaked region. A similar morphology
is also detected by ARGO-YBIJ using events Ny,g > 100 as
shown in Figure 4. Parameterizing the source shape with a
two-dimensional Gaussian function, the extension is estimated
to be o = (0.40*%%)°, which is consistent with the H.E.S.S.
measurement. The flux measured by ARGO-YBJ is higher than
that determined by H.E.S.S. by a factor of ~3. A detailed
discussion about this object can be found in Bartoli et al. (2013).
Recently, a young energetic y-ray pulsar PSR J1838—0537 has
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Figure 6. Sensitivity curve of the ARGO-YBJ detector estimated using its
observation results on the Crab Nebula. The integrated sensitivity curve is
obtained using five years of ARGO-YBJ data. The one-year sensitivity curve
is scaled from this result. The duty cycle of the ARGO-YBIJ detector has been
taken into account.

(A color version of this figure is available in the online journal.)

been detected within its extended region (Pletsch et al. 2012).
The inferred energetics suggests that HESS J1841—055 may
contain a pulsar wind nebula powered by the pulsar.

ARGO JI1907+0627 is closely connected to ARGO
J1910+0720. ARGO J1907+0627 is consistent in position
with HESS J1908+063 (Aharonian et al. 2009), while ARGO
J1910+0720 is completely outside the extended region of HESS
J1908+063. In a previous work, these two sources have been
considered as a single unique source, identified as the extended
source MGRO J1908+06 with an extension of o = (0249 £ (222
(Bartoli et al. 2012c). The flux determined by ARGO-YBJ was
consistent with that of Milagro but higher than that of HESS
by a factor of ~3. Its extended size is also marginally larger
than the H.E.S.S. result. Therefore, MGRO J1908+06 could be
a blend of the two sources. ARGO J1907+0627 is consistent in
position with the pulsar PSR J1907+0602, and could be the as-
sociated pulsar wind nebula. Very close to ARGO J1910+0720,
a counterpart in the hard X-ray band, SWIFT J1910.8+0739(4U
1909+07) (R.A. = 2872699, decl. = 72598 in J2000 epoch)
(Tueller et al. 2010), is located. This X-ray source is a high-mass
X-ray binary (HMXB), a type of source identified as a VHE
y-ray emitter. ARGO J1910+0720 is detected at only 4.3 s.d.,
and the nearby source ARGO J1907+0627 could contribute to
the observed excess. With the current statistics, we cannot ex-
clude the possibility of a background fluctuation. However, this
is an interesting region for follow-up observations with more
sensitive instruments.

ARGO J1912+1026, detected at 4.2 s.d., is consistent in po-
sition with HESS J1912+101 (Aharonian et al. 2008b). HESS
J1912+101 is an extended source with an intrinsic Gaussian
width 0926 £ 0203 assuming a symmetrical two-dimensional
Gaussian shape. Assuming a power-law spectrum, the spectral
index obtained by ARGO-YBJ is —2.68+0.35, which is con-
sistent with —2.740.2 obtained by H.E.S.S. However, the flux
above 1 TeV is 23% Icrap, much higher than the value of 9%
Iy determined by H.E.S.S. We reported a similar disagreement
for the source HESS J1841-055 and MGRO J1908+06. Further
discussion for such a discrepancy can be found in Bartoli et al.
(2013).
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Figure 7. Median energy of all the y-ray events that trigger ARGO-YBJ
(Npag = 20) and satisfy the event selections, as a function of the source
declination. Different lines correspond to different spectral indices, i.e., —2.0,
—2.6, and —3.0.

(A color version of this figure is available in the online journal.)

ARGO J2021+4038, in the Cygnus region, is consistent in
position with VER J2019+407 (Aliu et al. 2013), whose flux
is only 3.7% Icrp, but the nearby extended source ARGO
J2031+4157 could contribute to most of the excess, as shown in
Figure 4.

ARGO J2031+4157 is a highly extended source located in
the Cygnus region, consistent in position with MGRO J2031+41
and TeV J2032+4130. The intrinsic extension estimated using
ARGO-YBIJ data is 0 = (0.2*%%)° (Bartoli et al. 2012a). In
this case, the measured flux is also higher than that measured
by IACTs, but with a discrepancy of more than a factor 10.
A detailed report on this region can be found in Bartoli et al.
(2012a). This region is also positionally consistent with the
cocoon of freshly accelerated cosmic rays detected by Fermi
(Ackermann et al. 2011Db).

ARGO J0409—0627, detected at 4.8 s.d., is outside the
Galactic plane. No counterpart at lower energies, including GeV
y-ray and X-ray bands, has previously been found. Its post-trial
significance is the lowest among the sources listed in Table 2
and is less than 3 s.d.

ARGO JI1841—-0332 is detected at 3.4 s.d. using events
Npag = 20 and at 4.2 s.d. using events Npyg > 100. This
source is observed at high zenith angles, where large systematic
pointing errors are expected, therefore, it is likely coincident
with the VHE y-ray source HESS J1843—033, even though it
is displaced by 027. Five other GeV y-ray sources surround this
region, as shown in Figure 4. An observation with improved
sensitivity is necessary to clarify this possible TeV emission.

4.3. Sky Upper Limits

Excluding the sources listed in Table 2, we can set upper
limits to the y-ray flux from all the directions in the observed
sky region.

To estimate the response of the ARGO-YBJ detector, we
simulate a source located at different declinations with a power-
law spectrum in the energy range from 10 GeV to 100 TeV. Each
source is traced by means of a complete transit, i.e., 24 hr of
observation. Figure 7 shows the median energy of all y-induced
showers that trigger ARGO-YBJ, i.e., Npg > 20, and satisfy
the event selections for sources with different spectral indices.

BARTOLI ET AL.

When the index is —2.6, similar to that of the Crab Nebula, the
median energy varies from 0.64 TeV at decl. = 30° (the latitude
of ARGO-YBJ) to 2.4 TeV at decl. = —10° and decl. = 70°.
For sources with a hard spectral index —2.0, the corresponding
range of median energy is from 1.5 TeV to 5.6 TeV. The median
energy varies from 0.36 TeV to 1.1 TeV for sources with a soft
spectral index —3.0.

The statistical method given in Helene (1983) is used to
calculate the upper limit on the number of signal events at 95%
C.L. in each bin. The number of events is transformed into a
flux using the results of the simulation. The upper limits to the
flux of y-rays with energies above 500 GeV for each bin are
shown in Figure 8. The spectral index is assumed to be —2.6.
The average upper limits, as a function of the declination, are
shown in Figure 9. The limits range between 9% and 44% Icyap
and are the lowest obtained so far. The lowest limit for a spectral
index —2.0 (—3.0) is 5% (9%) Icyap, as shown in Figure 9.

The flux upper limits shown in Figures 8 and 9 are for point
sources. For extended sources, the corresponding flux upper
limit will increase. For a symmetrical two-dimensional Gaussian
shape with o = 0?2, the upper limit will increase by 10%.
If o = 0°3 and o0 = 0°5, the increase will be of 20% and
44%, respectively. For this estimation, we assumed a spectral
index —2.6.

With an energy threshold lower than any other previous EAS
array, ARGO-YBJ is suitable for the observation of AGNs,
the dominant y-ray extragalactic sources. For an extragalactic
source, the absorption of y-rays due to the interaction with
the EBL must be taken into account. By choosing the model
proposed in Franceschini et al. (2008), the effect of EBL
absorption on the upper limits has been evaluated, and the
absorption factors with respect to a source with redshift z = 0
are shown in Figure 10, for a source spectral index of —2.6.
Curves for redshift values of 0.03, 0.06, 0.1, and 0.3 are shown.
The flux upper limits shown in Figure 8, multiplied by the
absorption factor shown in Figure 10, give the unabsorbed flux
upper limit at the source. The values of the absorption factors are
about 1.5-2.2 for sources with a redshift z = 0.03, and increase
by a factor of ~10 for sources at z = 0.3. The absorption
is stronger (weaker) for sources with harder (softer) spectra.
Figure 11 shows examples of the absorption factors for sources
with spectral indices of —2 and —3.

According to the Fermi-LAT second AGN catalog (2LAC),
663 AGNs are within the ARGO-YBJ FOV (Ackermann et al.
2011a). Figure 12 shows the comparison of ARGO-YBJ flux up-
per limits with the fluxes obtained by extrapolating to TeV ener-
gies the SEDs measured by Fermi-LAT in the range 1-100 GeV.
The extrapolation is performed assuming that the spectral index
steepens by 0.5 at 100 GeV. This spectral behavior is physi-
cally motivated because radiative cooling is expected to modify
the electron power-law index by 1 and the corresponding y-ray
index by 0.5. For convenience, we show in Figure 12 the dif-
ferential fluxes at 1 TeV. As can be seen, for 135 AGNs out
of the total 663, the calculated upper limits are lower than the
extrapolated fluxes, suggesting steeper spectra above 100 GeV.
Such an effect could be due to the absorption of photons by
the EBL, since the average redshift is 0.27 for BL Lac objects
and 1.12 for FSRQs (Ackermann et al. 2011a). As evident from
Figures 10 and 11, the absorption factors are very high. The
redshift has been measured for 68 AGNs out of 135. Figure 13
shows the upper limits taking into account the EBL absorption.
For 10 sources out of 68, the limits set in this work constrain the
intrinsic spectra to have steeper slopes. These AGNs are listed in
Table 3, which also reports the index measured by Fermi in the
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Figure 8. Map of the 95% C.L. flux upper limits at energies above 500 GeV assuming an energy spectrum E~>%. The color scale on the right is in Crab units, i.e.,

5.69 x 1071 cm™2
(A color version of this figure is available in the online journal.)

s~!. The two dotted lines indicate the Galactic latitudes b = £5°.

Table 3
ARGO-YBJ Upper Limits for Sources in the 2LAC

Name Associated R.AZ Decl.? z Index” Flux® Upper Limitd S
(2FGL) TeV Source (deg) (deg) (s.d.)
J0319.8+4130 NGC 1275 49.950 41.512 0.018 2.00 1.95e—11 5.31e—12 1.4
J1015.1+4925 1ES 1011+496 153.767 49.434 0.212 1.72 3.96e—11 3.23e—11 —0.5
J1104.4+3812 Mrk 421 166.114 38.209 0.031 1.77 1.15e—10¢ 2.82e—11 13.9
J1117.2+42013 169.276 20.235 0.138 1.70 1.07e—11 8.77e—12 -1.8
J1428.6+4240 H 1426+428 217.135 42.673 0.129 1.32 3.49—11 1.72e—11 0.2
J1653.9+3945 Mrk 501 253.468 39.760 0.034 1.74 4.09e—11f 2.02e—11 9.1
J1744.1+1934 1ES 1741+196 265.991 19.586 0.083 1.62 5.82e—12 3.99e—12 —2.0
J2039.6+5218 309.848 52.331 0.053 1.50 6.95e—12 4.25¢—12 —1.1
J2323.8+4212 350.967 42.183 0.059 1.88 5.09e—12 4.42e—12 —-0.7
J2347.0+5142 1ES 2344+514 356.771 51.705 0.044 1.72 8.20e—12 4.50e—12 —0.8
Notes.

2 R.A. and decl. are celestial coordinates in J2000 epoch quoted in the 2LAC (Ackermann et al. 201 1a).
Y The power-law spectral index reported in the 2LAC (Ackermann et al. 2011a).
¢ Extrapolated differential flux at 1 TeV in units of TeV~! cm™2 s~! based on 2LAC parameters (Ackermann et al. 2011a).

4'959% C.L. flux upper limits at 1 TeV in units of TeV~! cm™2 s~!.

¢ The measured flux is 1.35e—11 and the corresponding un-absorbed flux is 2.07e—11.
f The measured flux is 1.01e—11 and the corresponding un-absorbed flux is 1.61e—11.
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Figure 9. 95% C.L. flux upper limits at energies above 500 GeV averaged on
the right ascension as a function of the declination. Different curves correspond
to different power-law spectral indices —2.0, —2.6, and —3.0. The Crab unit is
569 x 1071 em=2 571,

(A color version of this figure is available in the online journal.)

range 1-100 GeV, the differential flux extrapolated to 1 TeV, and
the flux upper limits corrected for the absorption. Note that Mrk
421 and Mrk 501 have been significantly detected by ARGO-
YBJ, and they are the two brightest AGNs. Five AGNs out of
eight have been detected by IACTs as VHE y-ray sources, and
the spectra are consistent with the upper limits obtained here.

The upper limits obtained here for AGNs represent the
five-year averaged flux. It is well known that many AGNs exhibit
strong variability (up to a factor of 10) on different timescales.
The upper limits for short periods are beyond the scope of
this paper.

5. SUMMARY

This paper has presented the most sensitive survey to date
of the sky in the declination band from —10° to 70° obtained
with five years of ARGO-YBJ data. With an integrated sen-
sitivity ranging from 0.24 to ~1 Crab flux, depending on the
declination, six sources have been observed with a statistical
significance greater than 5 s.d. These sources are associated
with well known TeV y-ray emitters. Evidence for possible
TeV emission from five directions is also reported. Two of these
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and 9. The source spectrum is assumed to be E~>9. The y-axis gives the
absorption factor for a source at the indicated redshift relative to a source at
redshift zero as a function of the declination.

(A color version of this figure is available in the online journal.)
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Figure 11. Effect of the EBL absorption on the upper limits shown in Figures 8
and 9. The source spectrum is assumed to be E~2 (top panel) and E~3 (bottom
panel). The y-axis gives the absorption factor for a source at the indicated
redshift relative to a source at redshift zero as a function of the declination.

(A color version of this figure is available in the online journal.)
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Figure 12. Comparison between ARGO-YBJ 95% C.L. flux upper limits and the
expected flux for the 663 Fermi-LAT AGNs within the ARGO-YBJ FOV. The
expected fluxes are obtained by extrapolating the SEDs measured by Fermi-
LAT to TeV energies, assuming that the spectral index steepens by 0.5 at
100 GeV. Both fluxes are differential at 1 TeV. The solid line indicates where
the upper limit equals the expected flux. The dotted lines indicate the 0.1 and
10 times relations between these two fluxes. All the upper limits are estimated
assuming the source at redshift zero. The two squares correspond to Mrk 421
and Mrk 501.

(A color version of this figure is available in the online journal.)
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Figure 13. Comparison between ARGO-YBJ 95% C.L. flux upper limits and
the expected flux for 68 Fermi-LAT AGNs with measured redshift. The expected
fluxes are obtained by extrapolating the SEDs measured by Fermi-LAT to TeV
energies, assuming that the spectral index steepens by 0.5 at 100 GeV. Both
fluxes are differential at 1 TeV. The effect of the EBL absorption on the flux
upper limits has been taken into account. The lines represent the same flux
relations as in Figure 12. The two squares correspond to Mrk 421 and Mrk 501.

(A color version of this figure is available in the online journal.)

five excesses are not associated with any known counterpart and
thus are potentially new TeV emitters. Of particular interest is
the candidate source ARGO J1910+0720, which is coincident in
position with a HMXB. The 95% C.L. upper limit to the y-ray
flux from all the directions in the mentioned declination band
are also reported. The integral flux limits above 500 GeV vary
from 0.09 to 0.44 Crab units for a Crab-like source, depending
on the declination. The limits set by ARGO-YBJ in this work are
the lowest available to date. Specific upper limits for 663 GeV
AGN:s are also presented and 8 AGNs are found with intrinsic
spectra steeper than expected.
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