
P
o
S
(
I
C
R
C
2
0
1
9
)
8
3
0

A Real-Time Monitoring the TeV Blazars with
LHAASO-WCDA detector

Guangman Xiangab, Min Zhab, Yi Xinga, Jianeng Zhoua for LHAASO collabration
aShanghai Astronomical Observatory,CAS,
Shanghai 200030,P.R.China

bInstitute of High Energy Physics,CAS,
Beijing 100049,P.R.China
E-mail: gmxiang@ihep.ac.cn

With high duty cycle and wide aperture, the Large High Altitude Air Shower Observatory - Water
Cherenkov Detector Array(LHAASO-WCDA) can conduct an unbiased gamma-ray sky survey in
the energy range from a few hundred GeV to 100 TeV. The sensitivity of WCDA is as high as a few
percent of Crab units, which allow us to monitor the VHE variability of blazars. The LHAASO
Collaboration has developed an online monitoring program to monitor the extragalactic VHE flare
in the WCDA’s field of view. Once a flare exceeding the threshold is detected, an alert will be sent
to other instruments automatically, and a follow-up multiwavelength observation could be carried
out. In this paper, the current status of the monitor, the candidate sources, background estimation
method, data reduction, testing running result are presented.
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Flare Monitor with LHAASO-WCDA

1. Introduction

Blazars, including BL Lac and flat-spectrum radio quasars (FSRQ), are Active Galactic Nu-
cleus (AGNs) with relativistic jets viewed closely aligned to our line of sight [1]. In υ −υL(υ)
space, the spectral energy distribution (SED) of blazars presents a two-bump structure. The low-
energy bump ranges from the IR to X-ray energies, which is thought to be originated from the syn-
chrotron radiation of the relativistic electrons accelerated in the magnetic field. The high-energy
bump ranges from MeV to TeV energies, for which the emission origin is still in debate. In the lep-
tonic scenario, the high-energy emission is originated from the inverse Compton scattering of the
low energy photons by the relativistic electrons in the jets, also known as synchrotron self-Compton
(SSC) model [2]. In the hadronic scenario, the high-energy emission is attributed to the synchrotron
radiation of protons and the π0 decay process caused by the photon-hadronic interactions [3].

The emission from blazars shows violent variabilities in multiple energy bands from radio to
very high energies (VHE; E>100 GeV), with timescales range from minutes to years [4]. The
luminosity during the flaring states may exceed that during the normal states by two orders of
magnitude. This variation usually is considered as the consequence of the intrinsic change of the
accretion disk [5]. The study of VHE flares from blazars can help us to understand the VHE
emission mechanism during the flares and to distinguish the two emission scenarios. Moreover,
observations of blazars during the flares can be used to study the extragalactic background light
(EBL) which contains information about the galaxy evolution, to set limits on the Lorentz invari-
ance violation [6], and to research intergalactic magnetic field [7].

Due to the importance of studying flare, many instruments have implemented automatic pro-
gram to monitor flares, such as ARGO-YBJ [8], HAWC [9]. In this paper, we report how the flare
monitor of LHAASO-WCDA works and the future plans of our monitor program.

2. LHAASO-WCDA experiment

The Large High Altitude Air Shower Observatory (LHAASO)-water Cherenkov detector ar-
ray(WCDA) is located at haizi mountain, Daochen (4410 m a.s.l., 600 g/cm2,29◦21

′
31” N,100◦08

′
15”

E) Sichuan Province, China. It consists of 3 separate pools with a total area of about 78,000 m2.
The area of each small pools (No.1 and No.2) is 150×150 m2 with 900 detection units (5×5 m2),
and the area of the other pool (No.3) is 300× 110 m2 with 1320 detection units. Each detection
unit is separated by black plastic curtains to block the scattered light from other units.

With high duty cycle and wide aperture, the WCDA’s detection threshold can reach a few
percent of Crab units at 300GeV to 100TeV energies in one year survey [10]. This unprecedented
sensitivity make WCDA an ideal instrument to conduct online monitoring, early warning and real-
time analysis of the extragalactic source. It will provide more samples of the flare event to statistical
study the extragalactic source flare phenomenon.

3. The WCDA Online Flare Monitor

3.1 Source selection

Until now, more than 70 blazars have been observed in VHE band, and most of which are
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HBL(high-energy cutoff BL Lacs) [1]. A total of 62 VHE blazars listed in the TeVCat [11] in the
WCDA’s field of view are selected as our target sources, as shown in Figure 1, and the Crab nebula
is selected to supervise the operating status of this program. In addition, we add VHE L3+C [12]
to the sources list because a flux enhancement was detected on August 2000. These sources are
provided in Table 1.

Figure 1: The sky map of selected VHE sources from TeVCat [11] in galactic coordinates.

3.2 Background estimation

The surrounding region method is applied to estimate background events. The on-source re-
gion is a rectangular cell, and a hollow rectangular cell surrounding it is selected as the off-source
region for estimating the background events of the on-source region.Figure 2 shows a schematic
diagram of a certain sky area. The hollow off-source region is selected to avoid the influence of the
source signal on the background estimation. To ensure that the solid angles of each cell are nearly
equal, sky cell widths are ∆δ in declination, ∆α ' ∆δ/cosδ in right ascension.

The width of the sky cell must match the angular resolution of the corresponding N f it bin. If
the width is too small, the signal will be lost too much. On the contrary, if the width is too large, the
signal will be submerged in the background. Only the appropriate size of the cell can maximize the
signal-to-noise ratio. The value of ∆δ should be optimized based on the angular resolution of the
detector.As long as the value of the ∆δ is determined, the entire division of the sky is determined.

The half-widths of the off-source region are from ωα = 0.75×∆δ to ωβ = ∆δ +2◦ in decli-
nation and from ωα × (∆α/∆δ ) to ωβ × (∆α/∆δ ) in right ascension. The ratio, R≡ Non/No f f , of
the events of on-source region to events from off-source region can be measured by long-term data
accumulation, as shown in Figure 3. The number of background events of on-source region can be
calculated by multiplying the number of events from off-source region by the ratio R.

Considering that the sky cells are pre-divided, these sources are probably not located in the
center of cell. In order to make the source in the center of the cell, shifts are applied to sky cells
both in declination and right ascension. There are a total of 36 shifts, but considering that too many
try numbers reduce significance, only the 24 shifts closest to the source are taken to analysis. When
the source leaves the field of view, the monitor program analyses the significance of 1, 2, 4, 8 days.
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Figure 2: Schematic diagram of the division of
the sky. The red cell is a on-source region, the
green hollow rectangular cell surrounding it is
the corresponding off-source region.

Figure 3: The distribution of ratio R obtained by
one month’s data.

3.3 Data reconstruction and selection cuts

For raw data, the centroid method is applied to reconstruct the shower core position, and the
accidental noises are filtered by fitting a narrow planar shower front. Due to the curvature of
shower front, the shower direction is obtained by performing a conical correction on the basis of
planar fitting. In order to ensure sufficient statistics and good reconstruction quality, the selection
cuts we use are as follow:

1.The zenith angle of events should be less than 60◦. The particle incident from large θ pass
through thicker atmosphere than that from small θ , so that the maximum of the shower cannot be
observed.To keep good reconstruction quality of showers, θ ≤ 60◦ is applied.

2.The number of fired PMTs participating in the conical correction should be more than 20,
i.e.N f it ≥ 20. N f it is used to roughly characterize the energy of the event, it is divided into several
bins for analysis. The angular resolution of the WCDA No.1 pool is shown in the Figure 4. Each
N f it bin corresponds to an angular resolution, which plays an important role in the division of the
sky area in the background estimation. To keep enough statistics, events with N f it ≥ 20 are used,
which corresponds an angular resolution of 2◦.

3.4 Alarm threshold

Since the significance of sources are searched from 24 cell shifts and 4 duration shifts, it is
difficult to describe the probability of signal excess with a simple distribution. Assuming that there
is no signal from source, using the Monte Carlo method to simulate the search process, a significant
distribution of statistical fluctuation for a single source can be obtained. The chance probability
that a signal’s significance greater than a certain threshold can be obtained from simulation result.
The thresholds corresponds to chance probability of a source’s fake alarms caused by background
fluctuations.A detailed simulations are being performed to determine this threshold currently.

4. Discussion and outlook

At present, the online flare monitor program is still in the testing phase. Figure 5 shows the
monitoring result of Crab since April 9th, 2019.After the program is completed, the daily routine
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Figure 4: The angular resolution of the different N f it bins.The red dots and blue dots represent the events
whose reconstructed core is located within the array and outside the array respectively. The angular resolu-
tion of events that N f it ≥ 20 is about 2◦

summary will be updated on the website. If a flare exceeding the significance threshold is detected,
alert will be sent to the members of the group by e-mail.

The next step is to calculate the alarm threshold through simulation. In addition, N f it and
corresponding ∆δ will be further optimized.

Figure 5: Monitoring results of Crab on different duration shifts since April 9th, 2019. It can be seen from
the state of Crab that the current status of the flare monitor is relatively stable.
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Table 1: List of sources selected from TeVCat. The parameters include
name,RA(hh,mm,ss),DEC(dd,mm,ss),the threshold of energy, flux, spec-
trum index, redshift.

Name RA DEC Eth(GeV ) FLUX(crab unit) Index Redshift
OJ 287 08 54 49 +20 05 58 150 0.013 3.49 0.3056

TXS 0506+056 05 09 25 +05 42 09 110 0.016 4.8 0.3365
S4 0954+65 09 58 47 +65 33 55 150 N/A N/A N/A

RGB J2056+496 20 56 42 +49 40 07 300 0.029 N/A N/A
S3 0218+35 02 21 05 +35 56 14 100 0.3 3.8 0.954

PKS 0736+017 07 39 18 +01 37 05 100 0.1 N/A 0.18941
TON 0599 11 59 31 +29 14 44 100 0.3 N/A 0.7247
4C +21.35 12 24 54 +21 22 46 100 0.03 3.75 0.432

3C 279 12 56 11 -05 47 22 80 N/A 4.1 0.5362
PKS 1441+25 14 43 56 +25 01 44 80 0.16 N/A 0.939
PKS 1510-089 15 12 52 -09 06 21 150 0.03 3.26 0.361

AP Librae 15 17 41 -24 22 19 300 0.02 N/A 0.049
OT 081 17 51 32 +09 39 00 150 0.08 N/A 0.322

S2 0109+22 01 12 05 +22 44 39 100 0.03 N/A N/A
3C 66A 02 22 41 +43 02 35 200 0.06 4.1 0.34

VER J0521+211 05 21 45 +21 12 51 200 0.092 3.44 N/A
S5 0716+714 07 21 53 +71 20 36 0.4 N/A 3.45 0.31

W Comae 12 21 31 +28 13 59 200 0.09 200 0.102
S3 1227+25 12 30 14 +25 18 07 100 0.07 N/A 0.135

MAGIC J2001+435 20 01 13 +43 53 02 90 0.22 N/A N/A
BL Lacertae 22 02 43 +42 16 40 200 0.03 3.6 0.069

1ES 1101-232 11 03 36 -23 29 45 100 0.02 2.94 0.186
1ES 1218+304 12 21 26 +30 11 29 120 0.08 N/A 0.182
1ES 1440+122 14 43 15 +12 00 11 200 0.01 3.1 0.163058
1ES 1959+650 19 59 59 +65 08 55 600 0.64 N/A 0.048
H 1426+428 14 28 32 +42 40 21 2500 0.03 3.5 0.129

1ES 2344+514 23 47 04 +51 42 49 350 0.07 2.46 0.044
Markarian 501 16 53 52 +39 45 37 300 N/A 2.72 0.034
Markarian 421 11 04 19 +38 11 41 500 0.3 2.2 0.031
TXS 1515-273 15 18 03 -27 31 34 N/A N/A N/A N/A
TXS 0210+515 02 14 17 +51 44 51 300 N/A 1.9 0.049
PGC 2402248 07 33 26 +51 53 53 200 0.01 N/A 0.065
1ES 2037+521 20 39 23 +52 19 50 200 0.03 N/A 0.053

RGB J2243+203 22 43 52 +20 19 12 112 0.14 4.6 N/A
RX J1136.5+6737 11 36 30 +67 37 04 200 0.015 N/A 0.1342

RBS 0723 08 47 12 +11 33 50 200 0.025 N/A 0.198
H 1722+119 17 25 04 +11 52 15 150 0.02 N/A N/A

MS 1221.8+2452 12 24 24 +24 36 24 200 0.04 N/A 0.218
RGB J0136+391 01 36 32 +39 06 00 N/A N/A N/A N/A
PKS 0301-243 03 03 23 -24 07 35 200 0.014 N/A 0.2657

KUV 00311-1938 00 33 34 -19 21 33 N/A 0.01 N/A 0.61
1ES 0647+250 06 50 46 +25 03 00 100 0.03 N/A N/A
1ES 1727+502 17 28 18 +50 13 10 150 0.021 N/A 0.055
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Name RA DEC Eth(GeV ) FLUX(crab unit) Index Redshift
1ES 0033+595 00 35 16 +59 47 24 150 0.015 3.8 0.467
1ES 1741+196 17 44 01 +19 32 47 180 0.016 2.7 0.084
1ES 1215+303 12 17 48 +30 06 06 250 0.035 N/A 0.131

HESS J1943+213 19 43 55 +21 18 08 470 0.015 3.1 N/A
SHBL J001355.9-185406 00 13 52 -18 53 29 310 0.006 3.4 0.095

B3 2247+381 22 50 06 +38 25 58 150 0.04 3.2 0.1187
RX J0648.7+1516 06 48 45 +15 16 12 200 0.033 4.4 0.179

1ES 0502+675 05 07 56 +67 37 24 350 0.06 N/A 0.34
1ES 0414+009 04 16 52 +01 05 20 200 0.006 3.45 0.287

RBS 0413 03 19 47 +18 45 42 250 0.01 N/A 0.19
PKS 1424+240 14 27 00 +23 47 40 200 0.05 4.2 N/A

RGB J0710+591 07 10 26 +59 09 00 300 0.03 2.69 0.125
1ES 0806+524 08 09 59 +52 19 00 300 0.018 2.65 0.138

RGB J0152+017 01 52 33 +01 46 40 300 0.02 2.95 0.08
1ES 1011+496 10 15 04 +49 26 01 150 0.05 3.66 0.212
1ES 0347-121 03 49 23 -11 58 38 250 0.02 3.1 0.188
1ES 0229+200 02 32 53 +20 16 21 580 0.018 2.5 0.1396
Markarian 180 11 36 26 +70 09 27 280 0.11 N/A 0.045
PG 1553+113 15 55 44 +11 11 41 300 0.034 4.5 0.5
VHE L3+C 11 30 07 -01 11 24 36 48600 6.31 N/A

Crab 05 34 31 +22 00 52 700 1.0 2.5 0
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