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gamma-ray sources based on 507 days of exposure time. Among these, there were 16 sources
that are more than one degree away from any known TeV source. We studied 13 of these 16
sources with VERITAS and Fermi-LAT data. VERITAS, an array of four imaging atmospheric
Cherenkov telescopes observing gamma rays with energies higher than 85 GeV, can provide a
more detailed image of the source with much shorter exposure time and with better angular res-
olution. With Fermi-LAT data, we searched for the counterparts at lower energies (E>10 GeV).
The exposure of VERITAS varies among the 13 sources, and we used eight years of Fermi-LAT
data. VERITAS found weak gamma-ray emission in the region of PWN DA 495 coinciding with
2HWC J1953+294 in this follow-up study. We will discuss the results especially focusing on the
PWN DA 495 region and the SNR G 54.1+0.3 region where Fermi-LLAT detected a GeV counter-
part of SNR G 54.1+0.3, a known TeV source detected by both VERITAS and HAWC.
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1. Introduction

The current generation of gamma-ray observatories covers nearly seven orders of magnitude
in energy. To cover this wide energy range, the observatories are utilizing different techniques.
Space based satellite experiments, such as Fermi-LAT, can measure the gamma rays from several
tens of MeV by directly collecting the information from gamma-ray interactions within the detec-
tor. Satellite experiments have very wide fields of view, can cover the entire sky with very small
dead time, and are almost background-free. However, due to the limited effective area, which is
on the order of 1 m?, the peak sensitivity is around a few GeV. Ground-based detector arrays are
best suited to observe gamma rays with energies higher than several hundreds of GeV. They can
provide a much larger effective area, on the order of 10° m?. Ground-based imaging atmospheric
Cherenkov telescope (IACT) arrays, such as VERITAS [1], provide the best instantaneous sensitiv-
ity from energies higher than several hundreds of GeV due to excellent rejection of the cosmic-ray
background. However, the observatories have limited duty cycles (<20%), because they require
clear dark sky observing conditions, and their fields of view are relatively small (<5° diameter). Air
shower arrays for gamma-ray observation, such as the High Altitude Water Cherenkov (HAWC)
observatory, on the other hand, can provide continuous observation with a field of view covering
~15% of the sky. The energy and angular resolution provided by these three techniques also has
many complementary aspects. For example, IACTs can provide better angular resolution in the
energy range of several hundreds of GeV up to tens of TeV, compared to air shower arrays. This
allows IACTs to study the detailed morphology of an angularly extended source. But, the study of
gamma-ray emission from a region that is comparable to or larger than their field of view is gener-
ally difficult for IACTs. Thus, the best way to understand the astrophysical gamma-ray sources in
detail is by combining observations from multiple observatories.

HAWC, which recently completed full detector deployment in 2015, is the most sensitive air
shower array for gamma-ray observations. HAWC recently published their second source catalog
(2ZHWC) based on 507 days of exposure time from November 2014 to May 2016 [2]. 2HWC
contains 39 sources. Of these, 16 sources are at least 1° away from any known TeV gamma-
ray emitting source, forming a newly detected TeV source population. In this paper, we describe
our effort to understand the properties of some of these new TeV gamma-ray sources by using
VERITAS and Fermi-LAT data.

VERITAS is an array of four IACTs located at the Fred Lawrence Whipple Observatory in
southern Arizona [1]. With a field of view of 3.5°, VERITAS is designed to detect gamma rays
from an energy of 85 GeV to energies higher than 30 TeV. VERITAS can detect a point source with
1% Crab Nebula strength within 25 hours, and has an angular resolution better than 0.1° at 1 TeV.

The LAT is a high-energy gamma-ray telescope which detects photons in the energy range
between 20 MeV to higher than 500 GeV [3]. The latest version of event reconstruction, dubbed
Pass 8 [4], offers a greater acceptance and an improved PSF compared to previous LAT analyses.
With Pass 8 data, the 68% containment radius of the LAT is less than 0.2° above 10 GeV.

2. VERITAS Observations

We searched for the 16 newly detected HAWC sources in VERITAS archival data collected
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from 2007 to 2015. We selected data if the pointing of the telescopes was offset by less than 1.5°
from the locations of these HAWC sources. We found that VERITAS observed locations coincident
with 11 out of 16 HAWC sources. In addition to the archival data, VERITAS observed a subset
of the HAWC sources during the 2015-2016 and 2016-2017 seasons. Combining the archival and
new data sets, VERITAS observed a total of 13 new HAWC sources out of 16. After data quality
selections, a total of 169 hours of data were analyzed for the study. The exposure time for each
source varies from 1.3 hours to 46 hours.

3. Analyses

The VERITAS analysis begins with standard calibration and image cleaning procedures, fol-
lowed by image parameterization. Selection cuts are applied to discriminate gamma-ray-initiated
events from background cosmic-ray-initiated air showers. A detailed description of the VERITAS
data analysis procedure can be found in [5]. The choice of the optimum gamma-ray selection cuts
depends on the assumed strength, spectral energy distribution (SED), and spatial extension of the
source candidate. Because the peak sensitivity of HAWC is located in the multi-TeV energy range,
the most sensitive gamma-ray selection cuts are optimized for weak sources (~1% of the steady
Crab Nebula flux) with hard spectral indices [6]. We apply these cuts if the VERITAS exposure
time for the source is larger than 10 hours. For sources with less than 10 hours of exposure time,
we choose a less strict set of cuts suitable for stronger sources (3% Crab) because a weaker source
would be below the sensitivity of the more stringent cuts for such a short exposure. We apply two
sets of angular cuts for this study: one for a point-like source search and the other for a moder-
ately extended source search. The moderately extended source search used the angular cut value
of 0.23°. The results described here have been confirmed by two independent analysis chains.

For the Fermi-LAT analysis, we analyzed 8.5 years of LAT data from 2008 August to 2017
February. We used the latest version of the event-level analysis, also known as Pass 8[4]. To search
for the counterparts of HAWC sources in the GeV energy range, we selected events with energies
higher than 10 GeV from LAT data. By limiting the analysis to such high energies, we can avoid
contamination from gamma-ray pulsars in the Galactic plane as well. The region within 10° of the
HAWC source is fit using a binned likelihood method. In addition to the point source search, we
also fit a uniform disk at the location of HAWC source. We fit the localization and extension of
the source while searching for a possible LAT counterpart. For both VERITAS and Fermi-LAT
analyses, we calculate 99% confidence upper limits at the location of HAWC source.

4. Results

Fermi-LAT did not detect counterparts for any of the 13 HAWC sources considered in this
study, in either the point source or extended source searches. However, we detected the LAT
counterpart of a known TeV source, SNR G54.1+0.3, which was located near the newly detected
2HWC source 2HWC J1928+177. No gamma-ray source was detected by VERITAS for 12 of the
selected 2HWC sources, but weak emission was detected in the region of 2HWC J1953+294.

To compare the VERITAS upper limits with the flux measurement of HAWC, we calculate
the integrated flux from each source in the VERITAS energy range, using the spectral information
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Figure 1: Flux comparison between HAWC and VERITAS in the VERITAS energy range. The error bars
for the HAWC flux are statistical uncertainties derived from the propagation of statistical uncertainties on
the normalization factors and indices. The error bracket of the HAWC flux is the systematic uncertainties.
Four sources among 13 selected HAWC sourcesare detected by HAWC in their extended source search.

measured by HAWC. The result is shown in Figure 1. Error bars for the HAWC flux estimates
were derived with error propagation using the statistical errors on the flux normalization factors at
7 TeV and the spectral indices. The systematic errors on the HAWC flux, shown as brackets, were
calculated with a flux normalization error of 30% and an index error of 0.2 [7].

For the point source search, the 99% upper limits of VERITAS are lower than the expected
fluxes, estimated by using HAWC’s spectral information, for most of the sources except three—
2HWC J0819+157, 2HWC J1040+308, and 2HWC J1949+244. The exposure of VERITAS on
these three sources is relatively small (1.8~7 hours), and the upper limits are not strongly con-
straining. Assuming the statistical uncertainties on HAWC’s flux estimation follow a Gaussian
distribution and neglecting systematic errors, at the 95% confidence level we exclude five sources—
2HWCJ1852+013*, 2HWC J1902+048*, 2HWC J1928+177, 2HWC J1938+238, and 2HWC J2006+341—
from being point sources with the same power-law spectral energy distribution as measured by
HAWC. To explain the disagreement between VERITAS and HAWC measurements, the source
must have either a harder spectral index or an extended gamma-ray emitting region in the VERI-
TAS energy range.

For the extended source region analysis, the upper limits of VERITAS are less constrain-
ing. However, the VERITAS upper limits with an angular cut value of 0.23° are lower than the
flux estimated by HAWC for three sources: 2HWC J1852+013*, 2HWC J1902+048*, and 2HWC
J19074+084*. The discrepancies between the VERITAS and HAWC measurements are especially
large for 2HWC J1852+013* and 2HWC J1902+048*. The measurements for these two sources
disagree at a confidence level of greater than 95%. To satisfy both the VERITAS upper limits and
the measured HAWC fluxes, the source extensions must be larger than a radius of 0.23° for these
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sources.

4.1 SNR G 54.1+0.3 region
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Figure 2: (left side) VERITAS gamma-ray counts map of the SNR G 54.1+0.3 region with point source
search cuts. White contours are HAWC’s significance contours of 5, 6, 7, and 8c. Fermi analysis for
this study found a model with two additional point sources best describes the gamma-ray distribution of
Fermi-LAT data. The locations of the two point sources used in the model are indicated with black diamond
markers. For both skymaps, dark green crosses are the locations of 3FGL sources and blue x marks indicate
the centroids of two HAWC sources in the region. Also, the 6 cut used for the study is shown as a white
dashed circle for both maps. (right side) VERITAS gamma-ray counts map of the DA 495 region with
extended source search cuts. Light pink contours show the radio contours around PWN DA 495 measured
by the Canadian Galactic Plane Survey in the 1.42 GHz band [9]. White contours are HAWC’s significance
contours of 56. The cyan diamond is the location of an X-ray compact source. The yellow circle is the
centroid of VERITAS. The extension of radio emission from SNR G 65.1+0.6 is marked with a dashed
black line.

The first region that we discuss in detail contains a TeV source previously identified by VERI-
TAS, VER J1930+188 [8] and a newly identified HAWC source, 2HWC J1928+177. With 16 hours
of additional data taken in the 2015-2016 observing season, VERITAS has a total of 46 hours of
exposure in this region. The updated VERITAS counts map overlaid with Fermi-LAT and HAWC’s
information is shown in Figure 2. The VERITAS source is associated with the SNR G 54.1+0.3, a
supernova remnant hosting a young, energetic pulsar, PSR J1930+1852.

The HAWC source 2HWC J1930+188, coincident with VER J1930+188, was detected in the
HAWC point source search. The centroid of 2HWC J1930+188 is shown in Figure 2, and it agrees
with the position of the VERITAS source.

The Fermi-LAT analysis of this region, searching for the LAT counterpart of HAWC sources,
revealed a point source coincident with VER J1930+188 with a TS value of 26. The non-detection
of SNR G 54.1+0.3 in the 3FGL catalog indicates the possible existence of a low-energy spectral
cut-off in the Fermi energy range, but the source is too faint to measure the cut-off in this study.
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The spectral index of the HAWC source is softer than that measured by VERITAS. The signif-
icance of the difference is 2.40 considering only the statistical errors. Extrapolation of the HAWC
spectrum to the VERITAS energy range yields an integrated flux that is seven times larger than
the VERITAS flux. Although this is still in agreement with VERITAS’s measurement within 26
statistical errors, we tested whether HAWC data can be described as a power-law distribution with
an exponential cut-off. The result shows that HAWC data can be explained by both a single power-
law and a power-law with a cut-off. But, the extrapolation of HAWC'’s flux for the power-law with
a cut-off distribution to VERITAS energies produces an integral flux that is only ~50% larger than
the VERITAS flux, reducing the disagreement between VERITAS and HAWC measurements to
1o statistical error.

The other HAWC source in the region is 2HWC J1928+177. HAWC reported a similar flux
and index for this source as for 2HWC J1930+188. But, unlike 2HWC J1930+188, VERITAS did
not detect emission from this source with either the point source search or the extended source
search. The angular distance between 2ZHWC J1930+188 and 2HWC J1928+177 is 1.18°, which
is larger than the PSF of HAWC for energies larger than 1 TeV. Therefore, it is likely that 2HWC
J1928+177 is a new gamma-ray source, unassociated with SNR G 54.1+0.3, and the lack of a
VERITAS detection may indicate that the HAWC source has a larger angular extent than the radius
of 0.23° considered in the VERITAS analysis.

Although there are only two HAWC sources reported in this region, we note that the extension
of HAWC’s 50 contours covers a larger area than these two sources, as shown in Figure 2. It is
possible that there are other weak, and possibly extended, TeV gamma-ray emitting sources yet to
be clearly identified in this region.

4.2 DA 495 region

The second area we discuss in detail is a region around SNR DA 495 (SNR G 065.7+01.2).
HAWC detected two sources with the point source search in this region: 2HWC J19534+294 and
2HWC J1955+285. Fermi analysis for the energy range from 10 GeV to 900 GeV did not detect
gamma-ray emission in either the point source search or the extended source search.

After 37 hours of observation, VERITAS reported a confirmation of weak gamma-ray emission
nearby 2HWC J1953+294 [10] with an extended source analysis (6 <0.3°). After this initial report,
VERITAS continued observing the source, and accumulated a total of 64 hours of data on the
field of view by 2017. VERITAS detected a gamma-ray source in the DA 495 region with 5.20
significance, and assigned the name VER J19524294 for the emission.

By assuming a single power-law SED with the measured HAWC index of 2.78, we estimate
the integrated flux of VER J1952+294* between 630 GeV and 30 TeV to be (4.46 £ 2.274t4t)
x1073em2s~!. This is smaller than the flux measured by HAWC in the same energy range, and
the difference between the two measurements is significant at the level of 2.3¢° when considering
only statistical errors. Further study with a deeper exposure will determine whether this is due to a
change of spectral index, or due to other reasons, such as the contribution of diffuse emission or a
nearby source to the flux measured by HAWC.

The likely counterpart of 2HWC J1953+294 and VER J1952+4294* is the PWN DA 495. As
shown in the Figure 2, the emission seen by VERITAS overlaps with the radio contours of DA
495, an X-ray compact source, 3FGL J1951.61+2926 and 2HWC J1953+294. DA 495 has an
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extended emission in the radio band with emission concentrated in the center. X-ray observations
by ROSAT and ASCA revealed a compact central object surrounded by an extended nonthermal
X-ray source [11]. The implied blackbody temperature and luminosity, measured by Chandra,
suggest that the central object is an isolated neutron star. Together with the extended emission
surrounding the compact object, this confirms the PWN interpretation of the source [11, 12]. Based
on the low energy break measured in the radio band, [13] suggested that DA 495 may be an aging
PWN with an age of ~20,000 yr. There is a Fermi-LAT source, 3FGL J1951.61+2926, coincident
with DA 495. However, the extrapolated flux of this source to the HAWC energy range is much
smaller than the flux measured by HAWC. It has been suggested that 3FGL J1951.614+2926 is
likely associated with the central pulsar of DA 495, although no evidence for pulsations has been
identified [14].
The second HAWC source in the region, 2HWC J1955+285, is 1° away from 2HWC J1953+294.

A Fermi-LAT detected radio-quiet pulsar, PSR J195442836, is located within 20 position uncer-
tainty of the HAWC source. But, similar to DA 495, the extrapolation of PSR J1954+2836 to
higher energies lies far below HAWC’s flux measurement. These sources are within the extent of
SNR G 65.1+0.6, a very faint object detected in the radio band. SNR G 65.1+0.6 is a shell-type
SNR. The shell strcture can be confined in a circle with a diameter of 70’ [15]. This is larger than
the PSF of HAWC, but the centroid of 2HWC J1955+285 is not coincident with the shell of the
SNR. Also, 2HWC J1955+285 is found in a point source search, suggesting that SNR G65.1+0.6
is likely not the counterpart of the HAWC source. Figure 2 shows that VERITAS sees a region
of positive signal around 2HWC J1955+285. The maximum pre-trial significance of this region is
3.20, offset by 0.2° from the position of the HAWC source. With the current limited data set, it is
unclear whether this is a weak source or simply a statistical fluctuation.

5. Summary

Using VERITAS and Fermi-LAT, we searched for TeV and GeV gamma-ray counterparts to
13 out of 16 new HAWC sources without clear TeV associations. For eight of those sources, the
flux upper limits measured by VERITAS are lower than HAWC’s measurements extrapolated to
the VERITAS energy range. Among these eight sources, non-detections by VERITAS constrain a
point-source hypothesis for five sources with a confidence level of 95%. To resolve the discrepancy
between the HAWC and VERITAS measurements, the sources should be angularly extended, or
there should be a spectral change in the energy range between VERITAS and HAWC. The extended
analysis shows that for two sources among these, 2ZHWC J1852+013* and 2HWC J1902+048%*, the
radius of the source should be larger than 0.23° to satisfy all of the measurements. These numbers
are based on a comparison between the upper limits of VERITAS and the flux estimation of HAWC.
However, it is possible that the HAWC flux is overestimated for some of the sources, since the flux
estimation has been made with a single point source model for the likelihood analysis without
accounting for nearby sources. Unresolved weak diffuse emission over a very large area would
also cause an overestimation of the flux.
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