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The High Elevation Auger Telescopes (HEAT) has increased the Field of View (FoV) of the
Fluorescence Detector (FD) at the Coihueco site of the Pierre Auger Observatory and allowed the
extension of the energy threshold for the measurements of energies and Xp,x of Extensive Air
Showers (EAS) down to ~ 10'7-2 eV. By temporarily orienting HEAT in the downward position,
it acquires data in the same FoV as the other Coihueco telescopes, thus providing the opportunity
to intercalibrate the detectors by multiple observations of the same EAS.

To further control systematic uncertainties in Xj,x and energy measurements, in this contribution
we present an innovative method that takes advantage of the Night Sky Brightness (NSB) contin-
uously measured with the FD data acquisition system for monitoring a possible evolution in time
of the initial HEAT and Coihueco inter-calibration.

While the brightness of the night sky evolves unpredictably and is highly dependent on local
weather conditions, we expect to obtain consistent measurements from telescopes located at the
same site and observing the same direction of the sky.

In this work, we describe the method used to compare the NSB measured by the neighboring HEAT
and Coihueco telescopes to monitor the stability of their relative calibration over time. This method

allows us to study further the systematics in the inter-calibration of the FD telescopes.
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1. Introduction

The Fluorescence Detector (FD) of the Pierre Auger Observatory comprises 27 telescopes,
with 30° x 28° FoV, each one having a spherical surface camera consisting of an array of 20 rows
by 22 columns of hexagonal photo-multiplier tubes (PMTs) [1].

With the installation of the three fluorescence High Elevation Auger Telescopes (HEAT) at
the Coihueco site [2], the FoV of the HEAT/Coihueco system (HECo) increased significantly with
respect to the Coihueco FoV alone. This upgrade allows us to see fluorescence light emitted from
showers occurring in the upper atmosphere, produced by lower energy cosmic rays, where otherwise
the shower maximum would be above the FoV. This was important to extend the Xy,.x analysis to
lower energies, to be able to calibrate the 750 m surface detector, and to advance the study of the
mass composition of lower-energy cosmic rays.
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Figure 1: The FoV of the 3 HEAT telescopes (when it is in an upward position) and of the 4 (out of 6)
Coihueco telescopes that observe the sky in the same azimuthal range observed by HEAT.

The HEAT telescopes are mounted in separate containers which can be tilted by 30° and
allow the telescopes to observe the sky up to ~ 60°. In Fig. 1, the total FoV observed by the 3
HEAT telescopes and by 4 (out of 6) Coihueco telescopes, which are observing the sky in the same
azimuthal range as observed by HEAT, is shown.

Absolute end-to-end calibration of all FD telescopes is performed by mounting a large-diameter
uniform light source [3] on each telescope and illuminating the entire aperture with a known photon
flux. This calibration is performed only a few times, while a relative calibration is done each
data-taking night to track changes in PMT gains from the absolute reference calibration.

In the normal operation mode, the HEAT telescopes are oriented in the upwards position;
however, occasionally, the telescopes are shifted to the downward position to acquire data in the
same FoV as the Coihueco telescopes. This allows us to inter-calibrate the telescopes by multiple
observations of the same EAS.

In an attempt to further monitor the possible evolution of the initial inter-calibration of the
HEAT and Coihueco telescopes during the normal observation period, with HEAT in the upward
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position, in this contribution, we present a novel method based on the analysis of the NSB observed
continuously by the FD telescopes. We developed two algorithms to take advantage of the fact that
while the brightness of the night sky evolves unpredictably and depends strongly on local weather
conditions, we expect to obtain consistent measurements from telescopes located at the same site
and which are observing the same region of the sky.

2. The NSB as inter-calibration tool

The NSB is generated by various independent sources such as stars and planets, moonlight,
twilight, airglow, and zodiacal light, and its intensity is strongly influenced by local atmospheric
conditions, such as the presence of clouds and the amount of aerosol scattering in the atmosphere.

The NSB is therefore characterized by unpredictable temporal evolution, both during the night
and from night to night, so it cannot be used as a reference illumination level for the telescope
calibration. However, if we consider two telescopes located at the same site and observing the sky
in the same region, we expect to obtain the same flux measurements, apart from a scaling factor
depending on their relative calibration.

In the case of FD telescopes, the NSB measurements are obtained starting from the PMT’s
baseline variance measurements.

2.1 The baseline variance

The anode current of the PMTs in the FD camera is proportional to the light present in the FoV
of the pixel, however, since the electronic readout of the PMTs is AC-coupled, direct measurement
of the continuous or slow varying component of the anode current, such as that induced by the NSB
cannot be performed.

However, an indirect measurement of the background light is possible by exploiting the
high-frequency fluctuations of the anode current induced by the Poissonian nature of the light.
Since the intensity of these fluctuations is proportional to the count rate of photons reaching the
PMT, the variance of the PMT baseline signal allows us to derive the NSB intensity.

The variance is calculated continuously using N = 2! ADC samples provided by the digitizer
and the result is stored in the FD background files every 30 s, which is sufficient to monitor the time
evolution of the NSB.

The relative statistical accuracy of each FD variance measurement is \/Z/_N = 0.55%. To
illustrate this accuracy, in Fig. 2 we show the time evolution of the baseline variance acquired from
two pixels placed in separate telescopes, but observing the same region of the sky. In the left panel,
we compare two pixels with overlapping FoVs in CO4 and COS, while in the right panel, we select
two pixels in HE1 and HE2. Apart from a scaling factor, which depends on differences in the gain
and noise characteristics of the PMTs, the similarity between the curves shows as the FD variance
effectively tracks the NSB including fluctuations smaller than 1%.

In the selected night, during the first few hours, the variance is characterized by rapid irregular
fluctuations due to the presence of clouds, while in the second part of the night, the sky becomes
clear and the observed variations are due to the transit of several faint stars in the FoV of the pixels.

The level of accuracy of the baseline variance for monitoring the NSB was also verified using
a small telescope working in single photon counting mode, placed on top of one FD telescope
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Figure 2: Examples of nighttime evolution of the baseline variance, obtained from pairs of pixels observing
the same region of the sky from different telescopes (CO4, COS5 on the left panel, HE1, HE2 on the right
panel). Apart from a scaling factor, which depends on differences in the gain and noise characteristics of the
PMTs, the light curves show identical fluctuations at the sub-percent level both under cloudy sky conditions,
at the beginning of the night, and under clear sky conditions during the second part of the night when the
transit of several stars (of 5" magnitude) in the FoV of the pixels is observed.

building [4]. Comparison of the sky background flux measured by the two different methods
(baseline variance vs. single photon counting) in the same sky direction showed to be proportional
in a very wide range of values.

The variance calculation was initially implemented as a safety tool to monitor the presence
of excessive light in the FD telescopes FoV (e.g. to limit the exposure to moonlight) and for
determining the pointing of telescopes through signals induced by the transit of bright stars [5].
In the following sections, we show how variance data can be also used as a tool to monitor the
inter-calibration among FD telescopes.

2.2 From baseline variance to NSB physical unit

For telescope inter-calibration analysis, we need to convert the baseline variance of the PMT
ADC traces (o-iDC) measured under night sky illumination to brightness physical units (e.g.
photons m~2 st~ us™!). The first step is to subtract the contribution due to electronic noise and
PMTs dark current from the variance, by using the acquisitions done each night before starting the
data taking with the PMTs in dark conditions.

The result is directly proportional to the NSB flux in the pixel FoV. The scaling factor depends
on the end-to-end optical efficiency of the telescope, the square of the PMT gain, the bandwidth of
the electronic amplification system, and the noise factor of the PMT. To convert the variance into
physical NSB units, besides the absolute pixel calibration constants, we need a second scaling factor
that takes into account the PMT noise characteristics. This factor can be directly measured from
the analysis of the calibration pulses generated by UV LED of the relative calibration system [4].

3. Using the NSB for the HEAT and Coihueco inter-calibration

In the case of HEAT and Coihueco telescopes, since their FoVs in the normal acquisition
configuration do not overlap, the direct comparison of NSB in precisely (within a few arcmins)
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directions of the sky is not possible.

A possible alternative, which has first been implemented, is the direct comparison of the
average value of the NSB measured by pixels selected in the boundary region of the two telescopes
(e.g. within 5° from the lower boundary of HEAT FoV and the upper edge of Coihueco FoV). In
this method, it is assumed that the NSB variations with elevation caused by atmospheric extinction
are negligible. In addition, pixels that are affected by bright point sources are removed before
calculating the average NSB, as the result could be significantly different in sky directions differing
by just a few degrees.

To take also into account NSB variation with elevation, we use a 2-D analytical function
to model the diffuse component of NSB over the entire FoV of the telescopes, excluding the
contribution of bright point sources and local fluctuations due to clouds, and then calculate the ratio
of the two analytical models in appropriate sky directions near the FoV of the two telescopes. Since
the NSB analytical models depend on the average collective behavior of all camera pixels, their
ratio is not sensitive to any problem that may affect individual pixels thus it is representative of the
average inter-calibration status of the two telescopes.

We begin the procedure by identifying (using known sky coordinates) the camera pixels that
are expected to be illuminated by bright stars or planets then fit a low-order 2D polynomial to the
sky image formed by the remaining pixels. If outliers are found in the residual image (e.g., due
to pixel calibration problems or the presence of clouds), we exclude them and repeat the fitting
procedure until no new outliers are found.

The best-fit parameters (i.e. the coefficients of the polynomial function) and the RMS of the
residual image are then stored, and the procedure is repeated for all variance frames acquired by the
FD telescope during the selected night.

The result of this fitting procedure allows reconstruction of the temporal evolution of the NSB
diffuse component in any azimuthal (A) and elevation (E;) direction within or close to the edge of
the telescope FoV. Denoting with Az, Ely the pointing direction of the FD telescope axis, the NSB
diffuse component is reconstructed by the formula

®(Az, EL 1) = a(t;) + b(t;) - Az +c(t;) - AEL +d(1;) - (AAZ)? + (1) - (AED)? + ...

where #; is the acquisition time of the variance frame and AAz = Az — Azg and AEl = El — Ely,
are the offsets of sky coordinates with respect to the telescope axis.

The analysis of the best-fit coefficients shows that a 374 order polynomial model is perfectly
adequate to describe the NSB elevation dependence while introducing higher order terms does not
improve the fit. This simple analytical modeling then allows us to eliminate any possible bias in the
NSB ratio due to atmospheric extinction besides allowing us to identify efficiently cloudy nights
that are then removed from the analysis. This better rejection of bad periods makes the results more
stable.

In Fig. 3 we show an example of NSB vertical profiles from the HE1 and CO3 analytical models
calculated at two different times on the same night. The evident discontinuity in the two NSBs
measured by the two telescopes corresponds to a difference in relative calibration. It also shows
that by rescaling the profiles (in this case HEI, red line), the discontinuity between the telescopes
is eliminated and a smooth NSB profile as a function of elevation is obtained, as expected from



Monitoring the FD inter-calibration with the brightness of the night sky A. Segreto

600 €03 13-09-2017: 03:00:00, 02:40:00 601
HE1 x 1.18
50
500 S~
|g ~~~~~~~~
~~~~~~~ S 40
To4004 4/ e, Tl o
g =
D D ot S I}
€304 7 TTTTTee—— T
2 o @
L2 i
2 200 1
[e%
100 -
0 T T T T T 0 T T T T T T
10 20 30 40 50 110 120 130 140 150 160
Elevation [deg] Azimuth [deg]

Figure 3: Vertical profiles obtained from the analytical model of the diffuse NSB for CO1 (blue) and HE1
(orange) calculated along a vertical line through the two telescopes at two moments of the same night. The

evident discontinuity between the two data sets can be restored by scaling properly the profiles; for example,
by scaling the HE1 data by 1.18 (red line).

the air-glow emission. This confirms that the selected analytical model effectively eliminates any
biasing effect due to the NSB vertical gradient

3.1 Computation of the “NSB ratio”

Once obtained analytical models of the diffuse NSB for two FD telescopes with adjacent FOVs,
we select a sky region close to the FoV edge of both telescopes and calculate their relative difference

as:
(DtEZZ(AZa El’ t) - (Dtell(AZ’ El9 t)

AD(Az, El t) =
( ) q)tEZZ(AZ9 El’ t) +¢tell(AZ’Elat)

where ®@,.;; and ®,,.;» are the analytical NSB models for the two selected telescopes.

For example, in the upper panel of Fig. 4a we show the temporal evolution of the diffuse
NSB relative to Coihueco Bay 3 (CO3) and HEAT Bay 1 (HE1) calculated in the sky direction
Az = 132°, El = 30.4° and, in the lower panel, their relative difference. In this case, the sky
brightness measured from HE1 is systematically lower throughout the night than the simultaneous
measurement obtained from CO3.

A robust fit of the relative difference is then performed, to exclude any period in which the
temporal evolution between the two NSB curves is not consistent, such as it may occur in the
presence of clouds or extended star clusters, like the Galactic plane, which cannot be modeled by
a low-order polynomial or excluded completely from the NSB fit. If an extended period (at least a
few hours) is obtained, in which the relative difference is almost constant, the average "NSB ratio"
(NSBR) for the selected night is calculated by

1+ < AD(Az, Elt) >

NSBRr(Az,El) =
R(Az, El) 1- < A®(Az,El 1) >

where < AD(Az, El,t) > is the robust average of the NSB relative difference through the night.
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Figure 4: In the left figure, the upper panel shows the comparison of the nighttime evolution of the analytical
model of NSB for two adjacent telescopes, calculated in the same sky direction, while the lower panel
shows the relative difference. The right figure shows the linear correlation existing between the two NSB
measurements.

In Fig. 4b right panel, we show for the same night, the correlation existing between the two
models, that demonstrate a linear correlation over a large range of brightness values, although with
a slope significantly lower than unity.

4. NSB ratio long-term evolution

Neither telescope can be considered a priori as a reference, however, a comparison of the
NSBpg from multiple telescopes and their correlation with hardware maintenance interventions can
provide rigorous indications of which telescope needs to be corrected.

In Fig. 5 we show an example of the long-term evolution of the NSBg obtained by comparing
the NSB seen by the HE2 telescope with the NSB measured by two telescopes having an adjacent
FoV, CO4 (Fig. 5a) and COS5 (Fig. 5b). Several discontinuities are observed in the two profiles,
most of which are related to hardware maintenance operations on the telescopes. In particular, the
significant discontinuity observed in November 2016 in the HE1/CO5 NSB ratio corresponds to
the cleaning of the CO5 mirrors which led to a significant increase in reflectivity. The temporary
drop in both the HE2/CO4 and HE2/COS5 NSB ratio during the year 2014, is most likely due to
the incomplete opening of the safety curtains that blocked a fraction of the HE2 telescope aperture
during that period.

5. Conclusions

We presented a novel method to monitor the relative calibration of FD telescopes exploiting
the brightness of the night sky which is measured continuously by the FD data acquisition system.
The method allowed us to detect discontinuities in the inter-calibration between the HEAT and
Coihueco telescopes caused by maintenance operations or mechanical problems with the fail-
safe curtain, leading to the calculation of cross-calibration factors. It is planned to extend this
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Figure 5: Long-term evolution of the NSB ratio obtained by comparing HE2 with the adjacent bays CO4 (left
panel) and COS (right panel). The discontinuities observed correspond to hardware maintenance operations

on the telescopes, such as cleaning the mirrors or changing the calibration unit.

analysis to all other FD telescopes to integrate the new end-to-end absolute calibration system, the

XY-Scanner [6], with which a preliminary comparison shows good agreement.

The method shown is quite general and can also be applied to any other kind of telescope,

such as Cherenkov telescopes where, because of the large aperture, artificial end-to-end calibration

sources cannot be used frequently.
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