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Night Sky Background (NSB) is a complex phenomenon, consisting of all light detected by

Imaging Atmospheric Cherenkov Telescopes (IACTs) not attributable to Cherenkov light emission.

Understanding the effect of NSB on cameras for the next-generation Cherenkov Telescope Array

(CTA) is important, as it affects the systematic errors on observations, the energy threshold, the

thermal control of the cameras and the ability of the telescopes to operate under partial moonlight

conditions. This capacity to observe under partial moonlight conditions is crucial for the CTA

transient science programme, as it substantially increases the potential observing time. Using

tools initially developed for H.E.S.S. (in combination with the prototype CTA analysis package

ctapipe) we will present predictions for the NSB present in images taken by the CTA Small Sized

Telescope Camera (SSTCAM), showing that SSTCAM will likely be able to meet the associated

CTA requirements. Additionally, we calculate the potential observing time gain by operating

under high NSB conditions.
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1. Introduction

The upcoming Cherenkov Telescope Array (CTA) W-ray observatory will consist of two sites

to cover the entire sky; a northern site on La Palma and a southern site on Cerro Paranal in Chile.

The southern site will include at least 37 Small Size Telescopes (SSTs) equipped with Silicon

Photomultiplier (SiPM) cameras (SSTCAMs), designed to probe the higher end of the IACT energy

range above 10 TeV. The ability for these cameras to operate reliably under partial moonlight

and other high NSB observing conditions is critical to the transient and multi-messenger/multi-

wavelength science goals of CTA, as the potential for astrophysical discoveries scales with the

possible observing time. Operating under high NSB conditions significantly increases this. Notably,

the detection of prompt TeV emission from the GRB 190114C (the first such detection from the

ground) by MAGIC [1] was under high moonlight conditions, with NSB at approximately 6 times

nominal level. However, such observations increase the energy threshold and the potential for

systematic error (particularly on flux normalisation) [2]. In our case this error will likely originate

from increased day-to-day NSB rate fluctuation during moonlight observations [2]. Studying

high NSB observations can also inform the design of the temperature control system (as the

associated rise in camera trigger rate heats the camera) and the SiPM selection process for SSTCAM.

The majority of previous studies concerning the instrumental response to NSB for SiPM-based

Cherenkov cameras have primarily focused on NSB’s effect on single SiPM pixels (e.g. [3]); we

evaluate both the spatial and temporal properties of NSB across the camera plane for the first time.

We also consider the implications of NSB on the operation strategy for SSTCAM’s near-real-time

LED flasher calibration system (which shines calibrated LED light onto the SiPMs).

2. Model

The sim_telarray instrument simulation package [4] (used for CTA productions) supports NSB

maps as an input parameter. It can also simulate illumination of pixels at an infinite distance from

the camera, replicating the effect of stars. But for reasons of computational efficiency, it does

not calculate where or how bright those stars might be, nor realistically simulates the effect of

moonlight. As a result, we chose to model NSB by expanding on the capabilities of the nsb package

[5], originally developed by M. Buechele and colleagues in H.E.S.S.. This package assumes that

NSB comes from two sources. The first is starlight (using Gaia [6] and Hipparcos [7] data), and

the second is sky brightness. The latter is semi-analytically approximated (assuming a combination

of moonlight and a local extinction coefficient) using a model similar to that in Krisciunas and

Schaeffer [8]. The nsb package makes use of the healpix package to produce skymaps, with which

the combined NSB model is expressed using the following quantities. Firstly, 5 (d) is the scattering

function, which depends on lunar great circle separation angle d as

5 (d) = 10� × (1.06 + cos2 d) + 10(�− d/40) + � × 107 × d2 . (1)

In this form 5 (d) takes into account both Rayleigh scattering from atmospheric gases and Mie

scattering from atmospheric aerosols, with � and � being fitted coefficients. The additional �

parameter in Equation 1 was added by the authors of the nsb package to account for the relative

brightness of the sky to stars. Secondly,

�" (U" ) = 10−0.4× (3.84+ 0.026× |U" | + 4× 10−9 × U4
"
) , (2)
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is the illuminance of the Moon in foot-candles (lm/ft2) as a function of lunar phase angle U"

(subscript " referring to lunar values). Then,

- (/) =

{

(1 − 0.96 sin2 /)−0.5 , if / ≤ c/2

(1 − 0.96 × 1)−0.5 , otherwise

}

(3)

is the optical pathlength along the line of sight in units of air masses, where / is the source zenith

angle, and �" is the surface brightness from moonlight given by

�" (d, /, /" , U" ) = 5 (d) × �" (U" ) × 10−0.4 : - (/" ) × [1 − 10−0.4 : - (/) ] , (4)

where : is a constant. �(:H is the intrinsic surface brightness of the sky without the moon present,

given by

�(:H (/) =

{

�0 × - (/) × 10−0.4 : (- (/) − 1) , if / ≤ c/2

0 , otherwise

}

, (5)

where �0 is a constant representing the brightness of the sky at the zenith. Finally, �)>C0; is the

total brightness for a given pixel on the sky given by

�)>C0; = �" + �(:H + ��080, (6)

where ��080 is the brightness of stars in the healpix pixel. �)>C0; is expressed here in nanoLamberts

(nLb), where a brightness in nLb � relates to magnitudes per square arc second in the V band <+

through � = 34.08 exp(20.7233 − 0.92104<+ ) nLb [8]. Some coefficients in the model (such as

the exponent in Equation 2) are fit to data from Mauna Kea; these will need to be updated once data

from the CTA-South site becomes available.

It should be noted that we neglect potential NSB contributions from zodiacal light, light

from population centres, stray reflections from the ground and moonlight reflecting from the

secondary mirror, light from satellites and the E-ELT laser guide stars (though all of these should

be much smaller than the differences between astronomical dark time and full moonlight). To

convert between nLb observed per-pixel (calculated using aperture photometry) and a measured

photon rate in Hz/pixel, we use a wavelength-independent model; the SSTCAM front window

will heavily suppress emission line NSB that would otherwise mandate a wavelength-dependent

analysis. As the results from the nsb package cover the Gaia Blue Photometer (BP) wavelength range

(330 − 680 nm) [6], this implies �(photons/(ns sr nm m2)) =�(nLb)/(104/c × � × (680 − 330)),

where � = ℎ2/(505 nm). We then multiply this by the range 300 − 550 nm (SSTCAM’s wavelength

range), an assumed 40% photon detection efficiency (the peak value for the SiPMs used in the earlier

CHEC-S prototype), the solid angle subtended by a pixel (8 × 10−6 sr), the mirror area (7.3 m2) and

the telescope transmission (0.85) to get an NSB rate in Hz. The current we ultimately measure in

the camera front-end electronics as a result of this photon flux is dependent upon the gain of the

SiPMs, necessitating the use of the flasher system to determine how the gain has changed.

3. Results

As a reasonable worst-case scenario for the expected rates of NSB per SiPM pixel, we consider

four observing scenarios of the colliding wind binary Eta Carinae. This is considered to be a

particularly difficult source to observe with IACTs given the high stellar density in the region.

To begin, we consider a ‘dark’ field, at the same altitude as Eta Carinae but differing azimuth,
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4. Conclusions

The results from our investigation demonstrate that SSTCAM operations will be minimally

affected by bright moonlight conditions. For the dark field we compute a photon rate of 43 MHz,

which agrees (within Poisson error) with a calculation performed by K. Bernlöhr who obtained

41.9 MHz (based on scaling the Benn and Ellison spectrum) [10, 11]. Even in our worst observing

scenario, the average photon rate is within SSTCAM observing requirements. However, the com-

bination of moonlight and a bright stars means pixels with an NSB rate of more than a few GHz

will still need to be disabled and removed from Cherenkov analysis (to manage SiPM heating). In

the dimmer case of illumination at a rate of around 1 GHz, it is likely such pixels will only need to

be removed from the camera trigger. As such, the potential for SSTCAM science during high NSB

conditions remains promising.
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