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Abstract:



Blazars like Markarian 421 or Markarian 501 are active galactic nuclei (AGN), with their jets orientated towards the observer. They are among the brightest objects in the very high energy (VHE) gamma ray regime (>100 GeV). Their emitted gamma-ray fluxes are extremely variable, with changing activity levels on timescales between minutes, months, and even years. Several questions are part of the current research, such as the question of the emission regions or the engine of the AGN and the particle acceleration. A dedicated longterm monitoring program is necessary to investigate the properties of blazars in detail. A densely sampled and unbiased light curve allows for observation of both high and low states of the sources, and the combination with multi-wavelength observation could contribute to the answer of several questions mentioned above. FACT (First G-APD Cherenkov Telescope) is the first operational telescope using silicon photomultiplier (SiPM, also known as Geigermode—Avalanche Photo Diode, G-APD) as photon detectors. SiPM have a very homogenous and stable longterm performance, and allow operation even during full moon without any filter, leading to a maximal duty cycle for an Imaging Air Cherenkov Telescope (IACT). Hence, FACT is an ideal device for such a longterm monitoring of bright blazars. A small set of sources (e.g., Markarian 421, Markarian 501, 1ES 1959+650, and 1ES 2344+51.4) is currently being monitored. In this contribution, the FACT telescope and the concept of longterm monitoring of bright blazars will be introduced. The results of the monitoring program will be shown, and the advantages of densely sampled and unbiased light curves will be discussed.
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1. Introduction to the First G-APD Cherenkov Telescope


FACT (Figure 1) is the first IACT which uses SiPM (also known as G-APD) instead of the commonly used PMT as photo sensors. The telescope is located at the Observatorio Roque de los Muchachos on the Canary island of La Palma, Spain, at about 2200 [image: there is no content] above sea level. The novel camera was installed in October 2011 on the refurbished mount of the former HEGRA CT3 telescope and has successfully taken data since then. The mirror surface sums up to 9.5 [image: there is no content] and the field of view of the camera is 4.5∘. The camera is equipped with 1440 pixels, each consisting of a SiPM.


Figure 1. FACT—Observation during strong moon light.
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Since summer 2012, FACT has been operated remotely without the need for a data-taking crew onsite. Automation has constantly improved, and FACT is currently switching from remote to robotic operation. For information about the design of FACT, see [1].



One of the major goals of FACT was the proof of principle for the use of SiPM in Cherenkov astronomy. Over the last five years, the operation of FACT has proven that SiPM show a stable performance over a large temperature range and under various light conditions. The operation is possible even during full moon without any filter, which is not possible with photomultiplier tubes, which are currently used in IACT. This allows an increase in the duty cycle of the telescope to a maximum, only limited by weather conditions. The performance of the sensors is described in detail in Section 2 and in [2], and the performance in respect to physics questions is described in Section 3 and in [3].



The major physics goal of the FACT project is the long-term monitoring of bright TeV blazars in the northern hemisphere. Hence, an unbiased and densely sampled data set of blazars is obtained, independent of the current activity level of the sources. The concept of the long-term monitoring is illustrated in more detail in Section 4.




2. Performance of the Photo Sensors of FACT


In the last five years, the FACT collaboration investigated the performance of the novel photo sensors. A single photon equivalent spectrum (shown in Figure 2) was obtained from dark counts. The shown spectrum is a sum spectrum of all 1440 pixels of the camera. A resolution of one photon is clearly visible, and entries up to 7 photon equivalent (p.e.) are visible in the spectrum.


Figure 2. Single photon equivalent spectrum (blue), obtained from dark counts. Overlayed is a fit of a modified Erlang distribution (solid red line). The spectrum includes all 1440 pixels of the camera. More details in [2].
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The gain of the individual pixels is extremely homogeneous over the whole camera. The standard deviation over the whole experienced range of outside temperature conditions and over the full camera is less than 2.3%, and not a single sensor has shown an ageing effect so far.



Figure 3 shows different scans (so-called ratescans) of the triggerrate of the telescope versus the applied threshold of the trigger. The ratescans show two different branches: one dominated by triggers caused by night sky background light, one dominated by triggers caused by cosmic ray showers. The similarity between ratescans from 2012 (black) and 2015 (green) under the same light conditions indicates an excellent longterm performance of the trigger behavior and of the sensors of the telescope. In addition, Figure 3 shows that the cosmic ray trigger rate branch in the ratescans is independent of light conditions. It is even possible to directly track the full moon and trigger air showers (see [4] for details).


Figure 3. Ratescans (scans of the trigger rate versus the applied trigger threshold) under different light conditions. Black: 2012, Green: 2015.



[image: Galaxies 05 00018 g003]







3. Physics Performance of FACT


To evaluate the performance of FACT with respect to energy bias, energy resolution, and energy range, an analysis of data of the Crab Nebula was performed [3]. Overall, 87.6 [image: there is no content] of data with zenith angles below 30∘ and under dark night and good observation conditions were analysed. The applied data analysis chain based on modern data mining methods was developed in cooperation with computer scientists within the scope of the Collaborative Research Center 876 at the TU Dortmund. The preprocessing of the raw data was performed with FACT-Tools [5], an extension of the streams-framework [6].



A random forest regression [7] is used to estimate the energy of the primary particle. The evaluation of the energy bias and energy resolution is based on this estimated energy.



For most of the dynamic range of the telescope, the energy resolution is about 22%; see [3] for details. For the background suppression, a random forest classification [10] was used. The resulting gamma data set was unfolded using a Tikhonov Regularized Unfolding with the unfolding software TRUEE [11], to obtain the energy spectrum of the Crab Nebula. The Crab Nebula could be detected with a significance of 43.54σ. The energy spectrum—scaled with the square of the energy E—is shown in Figure 4. Another independent analysis chain based on the Mars CheObs framework [12] yielded similar results.


Figure 4. Unfolded energy spectrum, scaled with the square of the energy E of the Crab Nebula [3], compared to HEGRA [8] and MAGIC [9].
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4. Monitoring Blazars at TeV Energies


FACT is monitoring a set of bright blazars in the Northern sky. A Quick Look Analysis (QLA) based on the Mars CheObs framework [12] processes the taken data immediately after acquisition. The preliminary results (uncorrected for the effect of different zenith angle and changing light condition) are publicly available with short latency: http://www.fact-project.org/monitoring/.



The QLA has been running since December 2012. The results up to July 2016 are displayed in Figure 5. The data points show daily binned excess rates for the four most observed sources measured by FACT.


Figure 5. Daily binned excess rate curves for the main sources measured by FACT. The sources are monitored during the visibility periods each year. Holes during these visibilty periods are mainly caused by bad weather conditions.
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During their visibility windows, the sources are observed independently of their activity state. Even if the source does not show a significant signal on a daily timescale, the monitoring continues.




5. Flare Alerts


To ensure multi-wavelength observations, other instruments are alerted in case of enhanced activity of one of the monitored sources. Hence, the excess rates of the observed sources—calculated by the QLA—are monitored, and an alert is raised if one of the rates exceeds predefined limits. Between the start of the official flare alert system in March 2014 and July 2016, FACT sent 31 flare alerts. Figure 6 visualizes the sent flare alerts (vertical lines). To improve the clarity, the data is binned daily, whereas the condition for raising a flare alert is based on a minimum of 20 [image: there is no content] of data. The prefined limit for Markarian 421 and Makarian 501 is 60 [image: there is no content], which corresponds to a flux level of roughly 3 Crab Units. The limit for other sources is roughly 0.5 Crab Units.


Figure 6. Excess rate curve for the three sources which FACT has sent flare alerts for. The flare alerts are marked with vertical lines.
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After a flare alert of FACT for Markarian 501 in June 2014, the H.E.S.S. telescopes performed follow-up observations (see ATel #6268). In December 2015, a flare alert from FACT for Markarian 421 triggered Target-of-Opportunity observations with INTEGRAL and Swift. For the source Markarian 421, a joint ATel #9137 with HAWC and Swift was sent in June 2016. For the source 1ES 1959+650, four ATel were sent (#9010, #9139, #9148, and #9203) in April, June, and July 2016. Three of them were joint ATel with MAGIC (#9203) and with Fermi-LAT, MAGIC, and VERITAS (#9010 and #9148). For ATel #9148, Swift was also involved.




6. Lightcurve of Markarian 501 in Summer 2014


As an example of the advantages of longterm monitoring of bright blazars, Figure 7 shows the light curve of Markarian 501 in Summer 2014. To improve the clarity, the data is binned in 60 [image: there is no content] bins. During the shown time window, five flaring activities could be caught in total. The highest flare on 24.06.2014 is shown in more detail and with 20 [image: there is no content] binning in the upper part of Figure 7. In addition to the excess rates during the flare, the unbiased monitoring also adds information about the activity level before and after the flaring activities. As the observation is independent of the activity level and longer than in the cases of large IACT (up to 6 [image: there is no content]), the opportunity to catch rising and falling edges of the flares is increased. The densely sampled light curve (only restricted by poor weather conditions) also provides a large overlap for possible multi-wavelength observations for both high and low state activities on minutes to hours timescale. For example, for a correlation study between very high energy VHE gamma ray fluxes and other wavelengths, long-term monitoring provides robust statistics for the detection of possible correlations.


Figure 7. Excess rate curve for Markarian 501 in summer 2014. The highest flare is shown in more detail. Flaring states are marked with black ellipses. The bins correspond to observation windows with an effective ontime of 20 min (top) and 60 min (bottom). The effective ontime is the observation time with enabled trigger.
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7. Conclusions


The five years of successful operation of FACT successfully proves the suitability of SiPM for Cherenkov Gamma Ray astronomy. The homogeneous and stable performance of the photo sensors over the whole time range and for various light conditions allows for a densely sampled and unbiased long-term monitoring of bright TeV blazars in the Northern sky. The evaluation of the physics performance of the telescope and the analysis chain enables the production of an energy spectrum of the Crab Nebula ranging from 250 GeV up to 16 TeV. An energy resolution of roughly 22% for energies above 600 GeV is achieved, with an improving resolution for energies above 10 TeV.



From first light in October 2011 until July 2016, FACT acquired roughly 1400 h ontime for Markarian 421, 1650 h for Markarian 501, 650 h for 1ES 1959+560, 830 h for 1ES 2344+51.4, and 1200 h for the Crab Nebula. The monitoring of the sources enabled FACT to sent 31 flare alerts between March 2014 and July 2016 to the astroparticle community, resulting in several follow-up observations of other experiments. The unbiased light curves allow for variability studies of the sources and correlation studies with other multi-wavelength observations, contributing to the revealing of the physical properties of blazars and the particle acceleration in these violent sources.
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Abbreviations




	AGN
	active galactic nuclei



	VHE
	very high energy



	FACT
	First G-APD Cherenkov Telescope



	SiPM
	silicon photomultiplier



	G-APD
	Geigermode—Avalanche Photo Diode



	PMT
	photomultiplier tube



	IACT
	Imaging Air Cherenkov Telescope



	QLA
	Quick Look Analysis



	HEGRA
	High Energy Gamma Ray Astronomy



	MAGIC
	Major Atmospheric Gamma Imaging Cherenkov Telescopes



	ATel
	The Astronomer’s Telegram
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