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The gamma-ray blazar TXS 0506+056 was found with an enhanced gamma-ray emission state
in spatial and temporal coincidence with the IceCube high energy neutrino event IC170922A.
This is the most significant association by far between a high-energy neutrino event and a blazar
in a flaring state. Studying the time evolution and spectral behavior of the blazar emission may
help in identifying the sources of the diffuse neutrino flux observed by IceCube and the origin of
energetic cosmic rays. TXS 0506+056 was detected by the VERITAS gamma-ray observatory with
a significance of 5.8 standard deviations above 110 GeV in a 35 hour data set collected between
September 23, 2017 and February 6, 2018. Here we will present results from recent VERITAS
observations and an associated multiwavelength campaign, collected between October 10, 2018
to March 1, 2021. A relatively quiet very high energy gamma-ray emission state was observed
during this time period, and flux upper limits are used to constrain the potential variability of this

blazar.
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1. Introduction

On September 22, 2017, the IceCube Collaboration reported the detection of a high-energy
muon neutrino (290 TeV) event, labeled IceCube-170922A, of potential astrophysical origin. This
event was sent out as an alert [ 1] and prompted a multiwavelength campaign from the radio to very-
high-energy (VHE, E > 100 GeV) gamma-ray band. The location of the neutrino was consistent
with that of the blazar TXS 0506+056 (z = 0.3365 + 0.0010) which at the time was observed by
Fermi-LAT to be flaring in gamma rays. The correlation of the neutrino detection with the gamma-
ray flare of TXS 05064056 is statistically significant at the 30 level [2]. Follow-up observations led
to the first detection of this blazar in the VHE emission region by the MAGIC telescopes [3]. An
initial observation taken by VERITAS did not yield a detection, but a follow-up observation taken
between September 23, 2017 and February 6, 2018 (MJD 58019-58155) yielded a detection of the
source above 110 GeV with a statistical significance of 5.8¢0" based on a 35-hr data set [4].

Although no significant excess of cumulative neutrino emission was found by searching gamma-
ray blazars detected by 2nd Fermi-LAT AGN catalog (2LAC), and the maximum contribution from
blazars in 2L AC to the all-sky astrophysical neutrino flux is constrained to be no more than ~27%
[5], this did not rule out that individual blazars could be potential neutrino counterparts. Since 2017,
TXS 0506+056 remains the most significant correlation between a blazar and a high-energy neutrino.
More recently, other blazars such as 4FGL J0658.6+0636 (more details in this conference in [6]) has
also been identified in the 90% uncertainty region of well-reconstructed IceCube neutrino events.
Thus TXS 0506+056 plays a key role in establishing connections between high-energy neutrinos
and astrophysical sources. Studying the time evolution and spectral behavior of this blazar may
help in identifying the sources of the diffuse neutrino flux observed by IceCube and the origin of
energetic cosmic rays.

2. VERITAS observation of blazar TXS 0506+056 from 2018 to 2021

VERITAS [7] consists of an array of four 12-m imaging atmospheric Cherenkov telescopes
located at the Fred Lawrence Whipple Observatory (FLWO) in southern Arizona, USA (31° 40’ N,
110° 57° W, 1.3 km a.s.l.). Each telescope equipped with a camera containing 499 photomultiplier
tubes covering a field of view of 3.5°. VERITAS has maximum sensitivity in the range of 100 GeV
to 30 TeV. The angular resolution of VERITAS is ~ 0.1° at 1 TeV (for 68% containment) and the
energy resolution is 15-25% at the same energy. In its current configuration, VERITAS can detect
a source (5o significance) with a flux of 1% of the steady flux from the Crab Nebula in less than
25 hours [8]. VERITAS data were analyzed using standard analysis tools [9-11].

VERITAS has implemented a wide-ranging neutrino follow-up program to search for VHE
gamma rays associated with IceCube neutrino events [12], including follow-up of real-time IceCube
neutrino alerts (more details at this conference in [13]) and long-term monitoring of the candidate
neutrino blazar TXS 0506+056. VERITAS collected 61 hours of quality-selected observations
of TXS 0506+056 from from Oct 10, 2018 (MJD 58401) to March 7, 2021 (MJD 59280) with
an average zenith angle of 28.8°. Observations were performed using the standard “wobble”
observation mode [14] with a 0.5° offset in each of four cardinal directions. The analysis yielded
a detection of the source above 190 GeV with a statistical significance of 3.40. The integral flux
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above an energy threshold of 190 GeV is (1.34 + 0.40) x 10712 cm™2 s~!, which corresponds to
(0.52 £ 0.16)% of the Crab Nebula flux (C.U.) under the same energy threshold [15, 16]. Fig.
1 shows a significance sky map with TXS 0506+056 in the center. A light curve of the integral
flux above an energy threshold of 190 GeV is shown in Fig. 2. Each point represents the average
flux level of the source with one month per bin. The vertical gray lines represent individual
observations. A 95% confidence level upper limit is calculated when significance is less than 20
For the upper limit calculation, this analysis used the best fitting spectral index (I'=4.8) obtained
from VERITAS’s follow-up observation of TXS 0506+056 from year 2017 to 2018 [4]. A relatively
quiet VHE gamma-ray emission state was observed.
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Figure 1: VERITAS significance sky map with TXS 0506+056 in the center.

3. Multiwavelength observations

The multiwavelength light curves are composed of high energy gamma-ray data from the
Fermi-LAT light curve repository (LCR)!, X-ray data from the Neil Gehrels Swift Observatory
X-ray telescope (XRT)? and Nuclear Spectroscopic Telescope Array (NuSTAR), as well as optical
data from the All-Sky Automated Survey for Supernovae (ASAS-SN) Sky Patrol® (Fig. 2). The
LCR is a public library of light curves for sources in the 10 year Fermi LAT point source (4FGL)
catalog [17]. The data are presented on time scales of weeks and photon energy between 100 MeV
and 100 GeV. The observation made by ASAS-SN Sky Patrol are available in two optical band:
the V (original two stations) or g (three new stations) band filters and three dithered 90s exposures
[18, 19].

NuSTAR and Swift observations were collected during a monitoring campaign of TXS 0506+056
to support the VERITAS observations in search for evidence of hadronic emission. The campaign,

lhttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
2https://www.swift.ac.uk/user_objects/
3https://asas-sn.osu.edu/
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organized during NuSTAR GO Cycle 5 between MJD 58550 and 58950, consisted of 4 x 20 ks
NuSTAR exposures separated by ~ 60 days to sample similar time scales as the candidate neutrino
“flare” of 2014-2015 and was supplemented by 10 X 3 ks Swift exposures interleaved with the
NuSTAR epochs. The epochs were selected to coincide with the middle of the VERITAS dark
observation period so that quasi-simultaneous observations were possible. The NuSTAR and Swift-
XRT observations were reduced using the nupipeline and xrtpipeline routines, respectively,
available in HEASoft 6.28. Background-subtracted count rate light curves were derived from the
reduced data in two energy ranges: 0.3 - 10 keV for Swift-XRT and 5-80 keV for NuSTAR. The
light curves shown in Fig. 2 show no indication of strong flaring in X-rays with the exception of an
elevated state observed by Swift on MJD 58902 with no apparent counterpart in Fermi. The flux
level that corresponds to this rate (~ 4 x 10712 erg cm~2 s~!) did not meet the pre-defined criteria
to trigger an additional NuSTAR exposure during the monitoring program and no coincident VER-
ITAS observations were possible at the time as it happened outside the VERITAS dark observing
period. The detailed analysis of the X-ray data is ongoing.

4. Summary and outlook

VERITAS’s previous follow-up observations of TXS 0506+056 during 2017/2018 season gave
aflux of (1.79+0.56) x 10712 cm™2 57!, corresponding to (0.70 +0.22)% of C.U. (the analysis was
redone with energy threshold corrected to 190 GeV and updated instrument response functions)
[4]. TXS 0506+056 is found to be in a quiet state from 2018 to 2021 and shows a consistent flux
level ((0.52 £ 0.16)% of C.U.) compared to previous VERITAS follow-up observations. MAGIC
detected enhanced VHE gamma-ray emissions on Dec 1** (MJD 58453) and 3" 42018 (MJD 58455)
and its flux was reported as comparable with the flare detected by MAGIC in October 2017 [20].
This enhanced emission was not detected by VERITAS because VERITAS didn’t have observation
on the first date and the data quality is bad on the second date due to poor weather condition. In
addition to that, no extended VHE gamma-ray emissions were detected by VERITAS, consistent
with a low state of the source during this period. Clear variability is observed in optical, X-ray and
high-energy gamma-ray bands. Quantitative analysis will be presented in an upcoming publication.
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Figure 2: Multiwavelength light curves of blazar TXS 0506+056 from Oct 10, 2018 to March 7, 2021. The

data set is composed of VHE gamma-ray data from VERITAS,

LCR, X-ray data from Swift and NuSTAR, and optical data
Sky Patrol.

high-energy gamma-ray data from Fermi-LAT
(not corrected for extinction) from ASAS-SN

by NASA/JPL, and has utilized the NUSTARDAS software package, jointly developed by the ASDC

(Italy) and Caltech (USA).
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