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Abstract: The High Altitude Water Cherenkov (HAWC) Observatory will commence scientific operation with the
first 100 of 300 water Cherenkov detectors beginning in August of 2013. The large field of view instrument will
provide a nearly continuous, unbiased survey of TeV emission from the northern hemisphere, making it ideally
suited for detecting bright transient events such as outbursts from active galactic nuclei (AGN). Observations in
the GeV and TeV energy regime can be used to probe the structure and emission mechanisms in AGN, and to
further our understanding of how supermassive black holes accrete matter. Furthermore, gamma-ray observations
of AGN are key to providing cosmological constraints to the diffuse extragalactic background radiation. The
HAWC Collaboration is implementing a comprehensive, online flare-monitoring program to promptly detect bright
outbursts from moderate-redshift AGN. This will provide unique opportunities to trigger follow-up observations at
complimentary wavelengths (e.g., by Fermi or VERITAS). The high duty cycle (>90%) of the HAWC Observatory
combined with its sensitivity to photon energies up to 100 TeV will allow us to extend the photon energy spectra
of known AGN to the multi-TeV regime. Here, we discuss the various components of the flare-monitoring system,
and present preliminary results from searches for AGN flares.
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1 Introduction
AGN are the most prevalent sources of very high energy
(VHE; > 100 GeV) radiation in the universe. The second
year Fermi-LAT catalog (hereafter 2FGL) has revealed over
1000 sources associated with AGN [1] . The predominant
non-thermal broadband continuum spectra of AGN contain
two distinct, well separated humps in the νFν representation
[2]. The low energy component peaking at radio and X-ray
frequencies are generally attributed to synchrotron emission
from highly relativistic electrons in the jets. Competing
models exist to account for the high energy emission
at GeV/TeV energies, but it is widely accepted that the
same population of electrons inverse Compton-scatter soft
photons to gamma-ray energies. In this leptonic scenario,
the seed photons are produced either in synchrotron
radiation [3] or possibly in an external source such as CMB
photons or UV/X-ray emission from the accretion disk [4].
In contrast, hadronic scenarios predict VHE emission as a
result of proton-initiated cascades within the jet or due to
synchrotron emission from very energetic protons/ muons
[13]. Detailed measurements of the VHE component of
the SED are critical to differentiating competing models
of physical processes in the AGN. The unbroken energy
coverage (100 MeV to TeV energies) made possible by
Fermi and VERITAS are already forcing modelers to
look beyond the standard one-zone leptonic models for
VHE emission in AGN [6]. Another key feature of the
high-energy emission from AGN, in particular the blazar
subclass, is variability on all timescales from minutes to
months. TeV blazars have also been observed to vary in flux
by more than an order of magnitude [7]. The origin of flares
are not yet fully understood, but observational constraints
from rapid, large scale flux variations can be used to test
those models sensitive to changing source environments or

injection parameters (see e.g.,[13], [8]). Furthermore, VHE
flares have been recorded from AGN without any visible
counterparts at longer wavelengths (so-called orphan flares)
[9]. Sparse sampling due to the typical low-duty cycle of
atmospheric Cherenkov telescopes makes it difficult to rule
out lagged counterparts at different frequencies. On the
contrary, the large field of view (FOV) and high duty cycle
of HAWC will provide observations of the Northern sky
at very high energies on a daily basis, thus allowing us to
accurately understand and model the emission mechanisms
during orphan flares or any flaring states.

Bright flares also allow us to access distant sources.
Not surprisingly, about 40% of AGN in the 2FGL are
found to be variable [10]. Observations of these distant
sources can provide important cosmological constraints
to the primordial radiation field such as the extragalactic
background light (EBL) [10]. Powerful, rapid flares from
AGN at cosmological distances can also be used as probes
of exotic physics. For example, gamma-ray observations
from distant sources can be used to test for Lorentz
invariance violation; the effects of quantum gravity may
be enhanced by the large light travel time, resulting in a
detectable energy-dependent dispersion of photon arrival
times [11]. In addition, axion-like particles could potentially
increase the expected photon flux from AGN in the VHE
regime. Intense AGN flares coupled with the unique
sensitivity of HAWC at TeV energies will allow us to test
new exotic particle models [12]. Finally, recent studies
have shown that intergalactic ultra-high energy cosmic ray
(UHECR) induced cascade emission (via photohadronic
interactions) can explain the hard but slowly varying TeV
gamma-ray spectra observed from several high-redshift
AGN [13], [14]. Consequently, prominent flares will allow
us to test AGN as possibles sites for the acceleration of
UHECR.
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Here we report on the planned deployment a real-time,
online flare monitoring system for the HAWC observatory.
Preliminary performance of the monitoring system is
evaluated with the HAWC data. Finally, we discuss the
prospect for HAWC to detect powerful AGN outbursts over
varying flare duration and intensity.

2 The HAWC Observatory
HAWC is a next-generation ground-based air shower array
located at a high altitude site in Mexico (19.0◦N 97.3◦W,
4096 m a.s.l.). It will begin scientific operation in August
2013 once the first 100 water Cherenkov detectors (WCDs)
are operational (HAWC-100). The array will be completed
in August 2014 with 300 WCDs (HAWC-300). The full
array will be sensitive to photon energies from 50 GeV to
100 TeV with angular resolution of 0.3◦ at E >∼1 TeV [15].
HAWC-300 will have a sensitivity of about 5σ day−1/2 to
a Crab-like point source. It will take ∼7 times longer (i.e.
5σ week−1/2 ) with HAWC-100 to reach the same level
of sensitivity (Figure 1). Nevertheless, an intense outburst
such as a 5x Crab flux of any TeV AGN in the detector
FOV will be detected within 6 hours (a full-transit) with
HAWC-100. For more details on the HAWC instrument and
analysis techniques, refer to [16].

Once operational, HAWC will provide a comprehensive
survey of the sky at very high energies, allowing it to
carry out non-targeted searches for gamma-ray sources. Fur-
thermore, HAWC’s unique all-sky monitoring capabilities
open up opportunities for real-time detection of transient
phenomena at TeV energies, including gamma-ray bursts
and AGN flares. In the event of a possible detection by
HAWC, timely alerts are crucial to increasing the exposure
of the source using follow-up multiwavelength observations
by other instruments.

3 Analysis
The standard online HAWC analysis chain generates a
stream of reconstructed events from the raw data. At the
beginning, these events are calibrated in multiple stages
to remove timing-offsets between photomultiplier tubes
and to apply the charge calibration. This ensures uniform
response across the entire array by minimizing any possible
bias across the detector [17]. A quality cut is applied to this
dataset to remove poorly reconstructed events and to ensure
enough PMTs participated in the angular reconstruction
fit to reliably reconstruct the direction of the primary
particle. Finally, a set of gamma-hadron separation cuts are
applied to the remaining events to maximize the detection
significance for sources with typical energy spectra. These
cuts, derived from monte carlo simulations, are optimized to
remove approximately 99% of the cosmic-ray background
events while preserving 40-50% of the simulated gamma-
ray events.

3.1 Background Estimation
In order to determine the excess from a particular region in
the sky, we need to estimate the background level from the
remaining events. It is necessary to reject non gamma-ray
events whose reconstructed directions lie close to the source
direction. The background estimation for this analysis uses
a modified version of the direct integration method [18]
to generate maps of background events in the sky. This

Fig. 1: HAWC-100 sensitivity to a point-like source in a
day (year) as a function of declination. We consider a E−α

spectrum for α = 2 and 3, respectively.

technique assumes that the efficiency for detecting the
overwhelming majority of cosmic-ray background events
is a function of the local angles and independent of the
event rate. However, the detector efficiency is affected by
daily variations in the atmospheric conditions along with
any changes to the detector configuration. Consequently,
our analysis calculates the background for every two-hour
interval to ensure that the efficiency remains relatively
constant over the duration of the background estimation.
For this work, we adopted the HEALPix library [19] to bin
the sky into equal-area pixels with an angular resolution of
∼0.1◦.

For a given declination band of width dδ , the number of
expected background events from any region in the sky is
determined by a convolution of efficiency at local coordinate
bins with the event rate in the detector.

B<θ (α,δ ) =
∫ ∫

dhdδ dτ ε(h,δ )R(τ) (1)

where B<θ is the number background events within a
circular region (radius θ ) centered at celestial coordinate
(α,δ ). The efficiency map ε , is obtained by binning all
events in local hour angle (h) and declination (δ ) for
the entire integration interval. This map is scaled into
a normalized probability density function for accepting
events within the detector using the total number of events
observed during the 2 hour integration duration. The all-
sky background event rate R(τ) is calculated by integrating
every events in the sky every 24 seconds (the time it takes
for the sky to move by 0.1◦or a pixel).

Figure 2 shows the angular distribution of the arrival
direction of events ε(h,δ ) in local coordinates for a single
two-hour integration period. Assuming that the arrival
directions of the cosmic-ray events are isotropic, the
efficiency distribution peaks overhead (at h = 0 ◦) due to
the thickness of the atmosphere.
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Fig. 2: Efficiency map, ε for a single 2 hour integration period. It shows the distribution of cosmic-ray background
distribution in local coordinates, (h,δ ). Note that the efficiency peaks at zenith or h = 0◦.

3.2 Light Curve
For the sidereal time bin ∆τ as above, the signal rate S(α,δ )
is estimated by integrating every event falling within an
optimal radial search window (θ < 2◦) around the putative
source location every 24 seconds. The radial search bin is
also used to estimate the background for the source region
using Eq. (1). The choice for the optimal bin size, θ = 2◦
is determined from simulation in order to maximize the
detector sensitivity to a point source of gamma rays in
the sky. Once we have determined both the background
and signal, the lightcurve or the excess count rate can be
calculated as a function of the modified Julian date for any
given location in the sky. In order to accumulate sufficient
statistics for the present background rate, the raw signal
and background rates from the previous section are re-
binned over 6-minute intervals or higher to generate the
final lightcurves.

Excess<θ (α,δ ) = S(α,δ )−B(α,δ ) (2)

As an example, Figure 3 shows the rate of signal events
(Top) and the rate of background events (Bottom) from a
region of the sky that is devoid of known VHE emitters.
The rates were calculated from a ∼22 hour run obtained
with the HAWC array under 43 WCD configuration. The
average all-sky rate was found to be ∼1.5 kHz across
the sky. No gamma-hadron separation cuts were applied
in this case. The shapes of the curves reflect the region
transiting the sky, as observed by HAWC. Hence, the event
rate (predominantly consisting of cosmic-ray background
events) peaks when the region passes overhead.

Figure 4 shows the resulting lightcurve for the above
example within an arbitrary 3 hour window. The data points
are binned at 6 minute intervals. As expected, the excess
count around the region is found to be consistent with zero
events (the red line shows a straight line fit the data points).

4 Discussion
Initially, an automated procedure is set up to routinely
analyze the lightcurves for increased gamma-ray emission
from the locations of established TeV emitting AGN. This
list will be updated in the future to include the nearest
of variable AGN detected by Fermi to select promising

candidates for TeV emission. To estimate the variability in
excess gamma-ray counts from a given candidate object,
each lightcurve is associated with a significance lightcurve.
The latter measures the significance of the observed
fluctuations above or below the time-averaged gamma-ray
counts,

Vσ =
Excessi −Excessavg√

σ2
i +σ2

avg

(3)

where the Excessi and σi denotes the excess and error,
respectively for an individual point in the lightcurve and
Excessavg, σavg are the time-averaged excess counts and
errors, respectively. The analysis also generates cumulative
lightcurves on a daily and weekly basis in order to detect
day-scale or week-scale flares from an AGN.

Finally, we have established a preliminary flare criterion
to alert the analysis team if a single data point in the
lightcurve exceeds 3σ above the time-averaged gamma-ray
count. In the event of a possible detection, the automated
procedure will generate an email giving the position of
the excess along with necessary statistical details for
immediate distribution to an internal list. Pending thorough
verifications, HAWC plans to release the alerts to the
general community (via e.g., ATEL1 or AMON2) as early
as possible. Timely alerts will be particularly crucial for the
ground-based ACTs in order to plan the observing schedule
for viable targets.

5 Conclusion
HAWC offers an unprecedented all-sky coverage to prompt-
ly detect increased emission from AGN and trigger follow-
up multiwavelength observations. This will greatly enhance
our exposure to flaring AGN, a crucial factor to understand-
ing the physics behind the ultra-relativistic jets. Beginning
with the first 100 WCDs in August of 2013, HAWC plans
to establish a dedicated program for alerting the greater
astrophysics community to flaring AGN. The present online
flare monitoring tools focuses on both known as well as
predicted TeV emitting AGN. Detections of flaring emission

1. http://www.astronomerstelegram.org/
2. http://amon.gravity.psu.edu/index.shtml
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Fig. 3: As an example, we show the source rate (Top)
and the background rate (Bottom) for a specific region
calculated from HAWC-43 data. The region was selected
at a high galactic latitude without any known VHE emitter
in the vicinity. We used a 2◦optimal bin radius for the
search window. The data is binned at 6-minute intervals.
The background rate is highest when the source is directly
overhead.

from unknown objects using non-targeted searches will be
the subject of future improvement to the existing analysis
tools.
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