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a b s t r a c t 

We discuss a calibration method for imaging atmospheric Cherenkov telescope arrays, based on the de- 

tection of cosmic rays. The focus lies on the monitoring of transmission of Cherenkov light in the at- 

mosphere and on the relative calibration of telescope optical throughput efficiencies. We present an ap- 

proach that addresses both issues by surveying and comparing trigger rates of telescopes in a stereo- 

scopic configuration. A Monte Carlo feasibility study was conducted to explore dependencies of stereo 

trigger rates on the array layout and observing conditions of the Cherenkov Telescope Array (CTA). Ana- 

lytical expressions for most of these dependencies have been found and implemented in an extension of 

the method of the Cherenkov Transparency Coefficient (CTC). In the investigated examples, the resolution 

of the method for the atmospheric and array calibration has been shown to be 4% and 4–7%, respectively. 

© 2019 Elsevier B.V. All rights reserved. 
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1. Introduction 

Indirect detection of very-high-energetic (VHE; ≥ 0.02 TeV) cos-

mic rays (CRs) and γ -rays is based on their interaction with the

air molecules in the Earth’s atmosphere. CRs induce air showers

of relativistic particles which can be sampled by ground-based

detectors. Specifically, imaging atmospheric Cherenkov telescopes

(IACTs) are designed to catch Cherenkov light that is emitted when

charged particles in the air showers pass through the atmosphere.

The focus of the IACTs lies on the detection of γ -rays which can be

correlated with their source of origin and allow to study extreme

astrophysical environments. 

The energy of primary particles is deduced from intensities of

recorded shower images which are compared with Monte Carlo

(MC) simulations for reference observation conditions. Shower im-

ages at a given energy are subject to variations due to changing at-

mospheric and hardware conditions. Various atmospheric phenom-

ena can cause attenuation of Cherenkov light leading to a reduced

number of photons at the detector level. Similarly, degradation of

optical and photodetection elements of a telescope results in de-
∗ Corresponding author. 

E-mail address: stefanik@ipnp.troja.mff.cuni.cz (S. Stefanik). 
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0927-6505/© 2019 Elsevier B.V. All rights reserved. 
reased detection efficiency of the instrument. Either of these ef-

ects, or both simultaneously, can result in an underestimation of

he primary particles’ energies, and in the mis-reconstruction of

he energy spectrum of astrophysical sources. These implications

re not unavoidable systematic effects and can be mitigated by ro-

ust schemes aimed at the monitoring of the atmospheric extinc-

ion and the optical properties of telescopes. 

The Cherenkov Telescope Array 1 (CTA) is the next generation

ACT facility currently under construction [1] . In the VHE γ -ray

egime, CTA will aim at unprecedented flux sensitivity, angular and

nergy resolution through the deployment of tens of telescopes of

ifferent sizes in two locations in the Northern (CTA-N) and South-

rn (CTA-S) hemispheres. Three principal classes of telescopes are

xpected to be part of the system to cover a wide γ -ray energy

indow. Currently, there are several different designs of the op-

ical system and hardware of telescopes. Medium-size telescopes

MSTs) with mirror dish diameters of the order of 12 m will cover

he energy range between ∼ 0.08 and 50 TeV. The detection of low

nergy γ -rays ( ≥ 0.02 TeV) will be mediated by a few large-size

elescopes (LSTs) with a diameter of the order of 23 m. An exten-

ive array of small-size telescopes (SSTs) with diameters of about
1 http://www.cta-observatory.org . 
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2 The aerosol optical depth ( τ ) at a wavelength λ is defined as the aerosol ex- 

tinction coefficient ( α) integrated over the height of a vertical air column, τ (λ) = ∫ H 
h α(λ, z)d z, where H is the light emission altitude and h is the observer’s altitude. 

3 Observation run refers to a single time period of continuous data taking in cur- 

rent IACT systems, typically ∼ 20–30 min. 
 m, foreseen only for the CTA-S site, is designed to cover the high

nergy regime of the spectrum (1–300 TeV). 

In order to achieve its scientific objectives, CTA has established

equirements on the maximum systematic uncertainties on the re-

onstructed energy of an individual γ -ray event and the global

nergy scale which should be less than 15% and 10% [2] , respec-

ively. To meet these requirements, CTA has established a calibra-

ion strategy which encompasses several instruments and meth-

ds for the atmospheric monitoring as well as the assessment of

he telescope optical throughput [2–4] . The approaches for atmo-

pheric calibration make use of the Lidars [5] in combination with

he stellar photometry [6] . Furthermore, All-Sky-Cameras [7] and

un/Moon photometry [8] are used to characterize the atmospheric

onditions. 

Optical throughput calibration in CTA includes methods using

irect observational data both at the individual telescope level,

ased on the analysis of muon ring images [9,10] and reconstructed

arameters of air showers [11,12] , and at the array level using the

econstructed electron spectrum [13] . In addition to these meth-

ds, optical throughput calibration can be performed utilizing in-

truments with calibrated light sources illuminating the telescopes

ither from a portable ground-based device [14] or an airborne cal-

bration platform [15] . Furthermore, a possibility of calibrating the

TA telescopes with vertically propagating laser pulses has been

nvestigated [16] . 

In this paper, we present a complementary method included

niquely in both strategies on atmospheric and array calibration

n CTA. Our approach utilizes the number of air showers registered

er unit time by a telescope system (trigger rate). Trigger rates of

herenkov telescopes are dominated by the detection of charged

osmic ray particles, in particular primary protons which constitute

he bulk of cosmic rays detected in the GeV–TeV energy range. 

The method builds upon the concept of the Cherenkov Trans-

arency Coefficient (CTC) developed within the phase I of the

.E.S.S. experiment [17] which employed four telescopes of identi-

al design. The CTC was introduced as a monitoring quantity to es-

imate the transparency of the atmosphere to Cherenkov light us-

ng data taken by IACTs during scientific observations. The method

oes not require any additional equipment or special calibration

ata acquisition which would interfere with regular data taking.

he accuracy of the CTC in H.E.S.S. was shown to be 9% for the

loudless time periods. 

The CTC needs, however, further development in order to be

pplied to complex telescope arrays with more stringent require-

ents on the measurement precision, as will be the case of CTA.

elescope multiplicity, geometrical layout and pointing directions

ave to be accounted for in order to keep the CTC independent

f array realization and observation conditions. The number of all

ossible combinations of telescopes producing a stereo trigger is

oing to increase significantly in CTA compared to current systems.

aking into account every combination of sub-arrays of active tele-

copes and pointing directions would constitute a computationally

hallenging task to find a suitable set of scaling factors for each

bservation mode, if one would follow the H.E.S.S. approach. In-

tead, we investigate here an update of the CTC algorithm which

reserves its simplicity and universality without the need for large

ets of look-up parameters. 

In addition to the usage of the CTC for atmospheric monitor-

ng, we examine here the possibility of employing this concept

or the relative calibration of telescope optical throughput efficien-

ies. An extensive air shower observed simultaneously by differ-

nt telescopes should generate an identical response in all tele-

copes at the same distance to the shower if their detection ef-

ciencies are correctly accounted for. Calibration of the optical

hroughput of telescopes of a same type in the whole array (inter-

alibration) can be achieved through the comparison of outcomes
f telescope measurements if camera detection efficiencies have

een properly calibrated. Provided a locally stratified atmosphere,

.e. the attenuation of photons is uniform across the array, the at-

ospheric transparency to Cherenkov light can be considered a

alibration quantity identical for all telescopes, similarly to other

nter-calibration approaches using shower parameters [11,12] . Uti-

izing this assumption without the knowledge of the precise value

f the atmospheric transparency, we demonstrate a method of cal-

bration of the relative optical efficiencies. This approach can serve

s a cross-check for other array calibration methods. 

The structure of the paper is as follows. In Section 2 , we ex-

lain a new method for the CTC calculation in large telescope ar-

ays. In Section 3 , the application of the CTC for the purposes of

tmospheric and array calibration is discussed. Using a produc-

ion of dedicated MC simulations of air showers summarized in

ection 3.3 , we discuss various phenomena that affect the trig-

er rates of Cherenkov telescopes, and thus the CTC estimates, in

ection 4 . In Section 5 , we test the performance of the calibra-

ion method using simulations of the candidate array layout for

he CTA-N site. A discussion of the obtained results is given in

ection 6 . The paper is concluded in Section 7 . 

. A new definition of the Cherenkov transparency coefficient 

.1. Background 

The CTC is designed as a measure of the atmospheric trans-

arency ( T ) to Cherenkov light given by the ground layer aerosol

ptical depth 

2 ( τ ), i.e. T ∝ exp (−τ ) . The concept of the CTC uti-

izes the dependency of the telescope trigger rate on the at-

ospheric extinction of photons while eliminating other effects

ue to the observation and hardware conditions (discussed in

ection 4 ). The CTC is defined in H.E.S.S. phase I as [17] 

ˆ 
 = 

1 

N · k N 

N ∑ 

i =1 

R 

1 
1 . 7 

i 

μi · g i 
, (1) 

here R i is the trigger rate of the i th telescope, μi describes the

elescope photon detection efficiency determined from the anal-

sis of muon ring images [4] and g i is the average pixel gain of

he telescope. The sum runs over N telescopes participating in the

bservation, i = 1 , 2 . . . N, and k N is the multiplicity correction ac-

ounting for different detection rates depending on N . 

To ensure independence from instrumental effects, the trigger

ates are corrected for the state of the telescope hardware. The re-

ectivity of the optical elements (e.g. mirrors, light cones) and the

fficiency of the camera sensors determine the optical throughput

fficiency of a telescope. The product of the photon detection ef-

ciency ( μi ) with the average camera pixel gain ( g i ) is invariant

ith respect to gain mis-calculation and sensitive only to the opti-

al properties of the telescope. 

Variations of the single telescope trigger rate are also caused

y random fluctuations due to the accidental triggers or the night

ky background (NSB). In order to suppress these fluctuations, only

vents that trigger at least two telescopes in coincidence (stereo-

copic detection) are read out by the acquisition system. In the

.E.S.S. approach, the stereo trigger rate of each telescope ( R i in

q. (1) ) is determined from all events recorded by it together with

ny other active telescope in the array. The CTC is calculated in ob-

ervation runs 3 in which either three or four telescopes are active,
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depending on the trigger configuration. The stereo trigger rates are

then normalized using a set of look-up values ( k N in Eq. (1) , where

N = 3 , 4 ) in order to account for the differences between the total

numbers of telescopes in individual runs. 

Unless the array layout is a regular polygon and all telescope

detection efficiencies are equivalent, some instruments can trig-

ger in stereo mode more often than others. This can happen ei-

ther because of the larger number of telescopes in their proxim-

ity or due to the better photon detection efficiency of their closest

neighbors. In complex arrays, where telescopes may be split into

sub-arrays that independently observe different targets, the num-

ber of possible combinations of active telescopes is significantly

higher. Following the H.E.S.S. approach, unique layout-dependent

factors would have to be calculated for each observation configu-

ration in order to account for the difference between the stereo

trigger rates. In the CTA case, it is not feasible to use the stereo

trigger rates ascertained from all events recorded by a particular

telescope regardless of the other instrument in coincidence. 

Instead, we assume the trigger rates of events detected by cho-

sen pairs of telescopes, R ij , where i � = j . For each observation, differ-

ent pairs are identified by the set of active telescopes of the same

type. An air shower event is assigned to, possibly more than one,

telescope pair only if it was recorded by both considered instru-

ments. The stereo trigger rate for every chosen pair is given by

the total number of events associated with it divided by the dura-

tion of observation. In addition to accounting for the detection effi-

ciency of one telescope as in Eq. (1) , we assume that the hardware

state of the second telescope in the pair also affects the stereo trig-

ger rate. 

2.2. Estimation 

The minimum energy of the primary CR particle detectable by

IACTs (trigger energy threshold, E th ) is inversely proportional to

the atmospheric transparency, E th ∝ T −1 , in the first order when

neglecting altitude dependencies of the atmospheric absorber. The

rate of registered events is approximately determined by the differ-

ential CR flux ( J ( E )) weighted by the effective trigger area ( A eff( E ))

of the instrument, i.e. R ∝ 

∫ ∞ 

E th 
J(E) A eff (E)d E . Hence, the integral

trigger rate depends on the atmospheric transparency as R ∝ E 
−γ
th 

∝
T γ , where γ derives from the spectral index of the differential

energy spectrum of CR particles. In the following, we adopt the

value of γ = 1 . 7 corresponding to the flux of CR protons ( J(E) ∝
(E/ TeV ) −2 . 7 m 

−2 s −1 TeV 

−1 sr −1 [18] ). 

In order to stabilize the trigger rates, we consider the rates

recorded by a pair of telescopes of the same type ( R ij , where i , j

assign different telescopes). For a given telescope pointing direc-

tion, 4 the trigger rate is roughly constant provided that the de-

tection efficiency does not change considerably within the obser-

vation run. A trigger rate estimate, ˆ R i j (O, ε i , ε j ) , can be obtained

assuming that the rate dependencies on the observation condi-

tions, O (e.g. the geometrical configuration, the Earth’s magnetic

field, see Section 4 ), and on the telescope detection efficiencies,

ε i , ε j ∈ [0, 1], are well reproduced from MC simulations. Consid-

ering a linear dependence of the pairwise stereo trigger rate on

the detection efficiencies of both involved telescopes (for details

see Section 4.4 ), the trigger rate estimate can be expressed as
ˆ R i j (O, ε i , ε j ) = ε i · ε j · ˆ R 0 

i j 
(O) , where ˆ R 0 

i j 
is the estimate obtained

from MC simulations assuming non-degraded telescope efficiencies

( ε i = ε j = 1 ). 
4 We note that variations of the stereo trigger rate can be caused by a non- 

negligible change in the zenith angle when tracking a particular object in the sky 

during a typical observation run of ∼ 20–30 min in duration. 

s  

n  

t  

i  

s

In the following, εi refers to part of the nominal telescope op-

ical throughput, assuming that the average pixel gain is properly

alibrated and fixed when estimating the optical throughput with

nherent gain dependency. 

Variations of the experimental trigger rate ( R ij ) with respect

o its estimate ( ̂  R 0 
i j 

) combined with the detection efficiencies ( εi ,

j ) are representative of changes in the true atmospheric trans-

arency to Cherenkov light, T . A pairwise estimate of the atmo-

pheric transparency is given by 

ˆ 
 i j (τ ) = 

1 

K 

( 

R i j (τ, O, ε i , ε j ) 

ε i · ε j · ˆ R 

0 
i j 
(O) 

) 

1 
γ

, (2)

here i and j are the unique identifiers of telescopes of the same

ype, τ is the aerosol optical depth and K is the normalization for

he reference atmospheric conditions. 

Using the trigger rates registered for many different telescope

airs, a set of aerosol transparency estimates ( ̂  T i j ) is obtained. The

herenkov Transparency Coefficient is then given as an average of

hese pairwise estimates, i.e. 

ˆ 
 = 

1 

P 

N ∑ 

i =1 
i< j 

ˆ T i j = 

1 

P · K 

N ∑ 

i =1 
i< j 

( 

R i j 

ε i · ε j · ˆ R 

0 
i j 

) 

1 
γ

, (3)

here the sum runs over all P pairs in the array of N active tele-

copes. 

The trigger rate estimates ( ̂  R 0 
i j 
, see Appendix A ) together with

ne normalization factor ( K) constitute a set of a few look-up val-

es which allow for the generalization of the CTC concept to a

ide range of observation conditions. This is in contrast to find-

ng a large set of unique scaling factors for each configuration as

tilized in the H.E.S.S. approach ( k N in Eq. (1) ). 

In Eqs. (2) –(3) and throughout the paper, we adopted the fol-

owing notation. Let v denote a true value of a variable (e.g. at-

ospheric transparency, intrinsic detector efficiency, etc.). A hat

ymbol, ˆ v , denotes the estimate of a true value of a variable v de-

ived according to our method. Specifically, ˆ v 0 refers to the esti-

ate of the value on the assumption of a telescope in a nominal

tate (i.e. no change in the detection efficiency has occurred). Since

o CTA experimental data are yet available, we simulated MC data

or which this notation applies as well. 

. Applications of the CTC 

.1. Atmospheric monitoring 

Various atmospheric phenomena affect propagation of

herenkov light in the air and, thus, observations by IACTs.

he atmospheric attenuation of light happens through extinction

f photons by aerosols, clouds and molecules. Furthermore, the

olecular density profile affects the development of the air show-

rs and the emission of Cherenkov light [19,20] . To characterize

he contribution of these effects on the energy reconstruction and

ffective area, several instruments and methods have been devised

ithin the atmospheric calibration strategy in CTA [3,21] . 

Relying on direct observational data of telescopes, the concept

f the CTC can be used in CTA alongside other approaches. The

TC estimates ( ̂  T ) calculated according to Eq. (3) allow to moni-

or changes in the aerosol optical depth, or equivalently, the atmo-

pheric transparency ( T ) to photons around the energy threshold. A

ecessary prerequisite for the CTC calculation is the knowledge of

he telescope optical efficiencies εi . These have to be estimated by

ndependent means of absolute calibration, e.g. through the analy-

is of Cherenkov light registered from local muons [4,9,10] . 
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Provided that the telescope responses have been correctly ac-

ounted for, the CTC is independent of instrumental and observa-

ional effects. Its evolution is then indicative of changes in the at-

ospheric transparency to Cherenkov light due to variations in the

erosol concentrations and clouds. 

.2. Inter-calibration of telescope responses 

A reliable calibration of the telescope optical throughput effi-

iencies is necessary for the reconstruction of air shower events.

n contrast with other methods [4] , relative inter-calibration of

he telescope efficiencies can be performed utilizing the optical

hroughput dependency of the pairwise estimates of the atmo-

pheric transparency ( ̂  T i j in Eq. (2) ). 

The estimates ˆ T i j are sensitive to variations of the optical

hroughput efficiency, given by fractions ε i , ε j of the nominal val-

es for telescopes assigned as i , j . Pairwise estimates of the atmo-

pheric transparency in Eq. (2) can be expressed as 

ˆ 
 i j = 

ˆ T 0 
i j (

ε i · ε j 
) 1 

γ

, (4) 

here ˆ T 0 
i j 

is the transparency estimate obtained for nominal

elescope efficiencies ( ε i = ε j = 1 ). We are concerned with the

ase when the individual optical efficiencies are not known. Pro-

ided that the atmospheric conditions are uniform across the

rray of telescopes observing in a same direction, the pairwise

ransparency estimates ˆ T i j are assumed to equal the same value

f the true atmospheric transparency T for all telescope pairs,
ˆ 
 i j = T ; ∀ i, j. Treating efficiencies εi as free parameters, the inter-

alibration of responses of telescopes of the same type can be

chieved by minimisation of the objective function (similarly as in

12] ): 

 (ε, T ) = 

N ∑ 

i =1 
i< j 

(
ˆ T 0 
i j 

−
(
ε i · ε j 

) 1 
γ · T 

)2 

σ 2 
i j 

, (5)

here σ ij are the uncertainties of the known pairwise estimates

ˆ 
 

0 
i j 

and the sum runs over all selected pairs in the sub-array of N

elescopes. 

As a result of the minimisation, a set of reconstructed opti-

al efficiencies, ˆ ε i , is obtained. It should be emphasized that the

nter-calibration is performed in a relative manner since the ac-

ual value of the atmospheric transparency is not known a priori.

he transparency T is considered a free parameter and there is an

mbiguity in the absolute values of ˆ ε i . The efficiency of one tele-

cope is arbitrarily chosen as a reference and not varied through-

ut the minimisation routine. No other assumptions about the re-

aining optical efficiencies and the atmospheric transparency are

ecessary as long as the number of telescope pairs chosen for the

nter-calibration is equal to or greater than the number of active

elescopes. The relative calibration does not depend on the exact

alue of the reference efficiency ( εR ). However, the absolute values

f recovered estimates of ˆ ε i and 

ˆ T are functions of εR . The ref-

rence efficiency should be chosen as a result of an independent

easurement (e.g. [14,15] ) if absolute estimates of optical through-

ut are to be obtained. 

The outlined inter-calibration method does not attempt to es-

imate the optical throughput of telescopes and the atmospheric

ransparency at the same time. The calculation of the CTC re-

uires the knowledge of the absolute telescope optical efficiencies,

hich need to be estimated by other array calibration methods

nd input in Eq. (3) . The inter-calibration utilizing the equivalence
f the CTC for all telescopes is then considered a backup proce-

ure applied independently of the atmospheric monitoring strat-

gy ( Section 3.1 ). This approach may be of particular interest for a

uick verification of other estimates of optical efficiencies. 

.3. Monte Carlo simulations 

We use MC simulated data as experimental CTA data are not

et available. For the study of the stereo trigger rate dependen-

ies, we carried out MC simulations of air showers initiated by

rotons. Telescope specifications were defined as in the CTA sim-

lation production [22] . CORSIKA [23] and sim_telarray software

24] were used for the simulations of air showers and telescopes,

espectively. Used geometrical definitions are summarized in Fig. 1 .

The study is focused on the CTA-N site for which only two tele-

cope types, the LSTs and MSTs, are foreseen. Telescopes were sim-

lated in various configurations that were optimized for the inves-

igation of individual dependencies, but they are not considered

andidate layouts for CTA-N. The full CTA-N layout ( Fig. 2 ), con-

isting of 4 LSTs and 15 MSTs, was simulated for the purpose of a

est of our method in Section 5 . 

The camera trigger in our simulations is based on the sum trig-

er logic [25,26] . Signals within a group of adjacent camera pix-

ls are added together and compared with the given threshold

alue. In our configuration, the MST (LST) cameras were divided

nto overlapping patches of 9 (21) pixels each. The camera was

ead out if the summed signal of any of these patches was above a

redefined threshold. A minimum of two telescopes was required

o trigger within a coincidence time window in order to issue a

ystem level trigger. 

The energy spectrum of primary protons was simulated in the

nergy range 0.0 04–10 0 TeV with a spectral index of −2.0. For

ach studied scenario, 5 × 10 8 air showers were simulated and

hen divided into bins of true energy and distance of the shower

xis to the centroid of the telescope pair (impact parameter). Pair-

ise trigger efficiencies were calculated binwise using subsets of

vents readout by the system which triggered predefined pairs of

elescopes. The number of such events divided by the number of

C air showers in the bin gives the pairwise trigger efficiency. This

fficiency weighted by the energy spectrum of CRs [18] and inte-

rated over the energy and the impact parameter yields the trigger

ate of the considered telescopes. 

The Earth’s magnetic field was fixed to a small value

 O(10 −3 μT ) ) in the simulations summarized in Sections 4.1 and

.2 in order to study only the geometrical dependencies of the

tereo trigger rates. Effects of the magnetic field were then in-

luded in all subsequent calculations by setting the field intensity

o the value corresponding to the CTA-N location. The optical ef-

ciency of telescopes was fixed to its nominal value ( ε = 1 ) in all

articular studies except for Section 4.4 where the dependence of

he trigger rate on telescope hardware is investigated. Numbers of

imulated air showers were the same in all scenarios, i.e. with and

ithout the magnetic field as well as for different telescope optical

fficiencies. 

The atmospheric transmission of light in the wavelength range

0 0–10 0 0 nm was set using the tables created by the MODTRAN

rogram [27] . The tables contain values of the optical depth τ as

 function of the incident light wavelength λ for a range of emis-

ion altitudes. Corresponding approximately to the CTA-N site, we

ssumed an observation altitude of 2150 m above sea level. All

esults in Section 4 were obtained for the same reference atmo-

pheric model assuming tropical atmosphere and navy maritime

xtinction of light. Various models of the optical depth, provid-

ng various atmospheric transparencies, were assumed only for the

est of the CTC method in Section 5 . A single air density profile
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β

α
θ

Φ

Fig. 1. Definitions used in this study. The zenith angle ( θ ) of the air shower is measured between the momentum vector of the incident CR particle and the vertical axis. The 

azimuth angle ( φ) is defined between the magnetic North and the horizontal projection of the shower direction. The angle β is defined between the horizontal projection of 

the shower direction and the line joining a pair of telescopes (T1, T2), separated by a distance d . Orthogonal to the shower direction ( � S ) is the shower plane. Projections from 

the ground plane into the shower plane are indexed with SP. The angle α is defined between the component of the magnetic field perpendicular to the shower direction 

( � B ⊥ ) and the shower-plane projection of the line joining the telescopes. 

Fig. 2. CTA-N array layout simulated in this study. Positions of the 4 LSTs (blue 

circles) and 15 MSTs (red crosses) are shown in the horizontal plane. The telescope 

mounts were simulated at different altitudes in the range 2157–2230 m given by 

the topography of the CTA-N site. 
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decrease at θ ∼ 40 °. 

5 The maximum of Cherenkov radiation occurs below ∼ 12 km for air showers 

initiated by vertically impacting photons with energy E ≥ 10 GeV [19] (note that the 

maximum is lower for CRs). 
6 Photomultiplier tubes are foreseen for the cameras of the LSTs and the MSTs of 

the Davies–Cotton design. Silicon photomultipliers are envisaged for the SSTs and 

the MSTs of the Schwarzschild–Couder design. 
was used for all simulations since its variations are expected to

have a negligible effect on the trigger rates compared to the atmo-

spheric phenomena we intend to calculate and monitor with the

CTC. 

It is worth noting that the CTC is an integral measure of the

optical depth up to the production height of the CR-initiated air

showers. It accounts for the whole interval of wavelengths ac-

cessible by IACTs. For a meaningful comparison of the recovered

CTC values with the initially assumed atmospheric transparency,

we adopt the following convention. Assuming that the influence

of atmospheric absorbers on IACTs is mostly significant below the

maximum of Cherenkov emission from air showers, we consider

the reference optical depth ( τ ( λ)) corresponding to the altitude of
2 km. 5 The atmospheric transparency assumed in MC simulations

s stated as the median value of the product of exp (−τ (λ)) with

he wavelength-dependent nominal mirror reflectivity and the ef-

ciency of the camera sensors. 6 The resulting values for individual

tmospheric models are normalized so that T = 1 . 0 corresponds to

he case without any attenuation due to aerosols. 

. Stereo trigger rate 

We study trigger rate dependencies R (O) on observation condi-

ions O. Specifically, we deal with the zenith angle ( θ ), the inter-

elescope distance ( d ), the alignment of the shower direction with

espect to the telescope pair ( β) and the geomagnetic field ( � B ), see

ig. 1 . Furthermore, the dependence of the stereo trigger rate on

he state of the telescope hardware ( ε) is explored. All following

ndings relate to the estimate of the trigger rate ˆ R (O, ε) . 

The results comprise examples from the MC study which were

erived for the MSTs. A concurrent study was performed also for

he LSTs, yielding similar results which are not discussed here. 

.1. Zenith angle 

We consider the relationship between the zenith angle of ob-

ervations ( θ ) and the stereo trigger rates of IACTs. The area on

he ground illuminated by Cherenkov light from the air showers

ncreases as ∝ ( cos θ ) −2 . This affects the stereo trigger rates in two

ays: 

• The trigger rate decreases with growing zenith angle due to the

decrease in the ground density of Cherenkov photons which are

spread across a larger area. This is demonstrated in the top

panel in Fig. 3 in the case of a small separation of telescopes

( d = 160 m) where one can notice that the trigger rate starts to
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Fig. 3. Stereo trigger rate as a function of the zenith angle θ of proton-initiated 

air showers with a fixed azimuth angle φ = 0 ◦ . The line joining a pair of telescopes 

was either parallel ( β = 0 ◦, bottom panel) or orthogonal ( β = 90 ◦, top panel) to the 

shower direction. Colors and markers denote different separations of telescopes and 

contours indicate the statistical uncertainties of trigger rates. Dashed lines represent 

the results of the fit described in Appendix A . (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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Fig. 4. Stereo trigger rate as a function of telescope pair separation in the horizon- 

tal plane, d (top), and separation in the shower plane, d SP (bottom). Colors differ- 

entiate between zenith angles θ = 0 ◦ (red) and 60 ° (blue). Markers denote different 

alignments of telescope pairs represented by the angle β between the shower hor- 

izontal direction and the line joining the telescopes. Contours in the bottom panel 

indicate the statistical uncertainties of the rates from the top panel. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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• The effective area for the stereoscopic detection of air show-

ers increases with the zenith angle. This is of small importance

for telescopes separated up to about 200 m. The trigger rate

of more distant detectors can be several times higher at large

zenith angles compared to θ = 0 ◦, see Fig. 3 . 

The trigger rate in Fig. 3 is normalized to R(θ = 0 ◦) = 1 in order

o compare its dependence on the zenith angle for different inter-

elescope distances. The dashed lines in Fig. 3 depict the results of

ts to the data which are elaborated in Appendix A . 

.2. Telescope alignment and separation 

With regard to the observations under different zenith angles,

e examine the dependence of the stereo trigger rates on the di-

ection of an air shower in the horizontal plane. Related to this, we

onsider also the influence of the inter-telescope distance. 

The section of the Cherenkov light cone with the ground plane

an be roughly approximated either by a circle ( θ = 0 ◦) or by an

llipse with varying eccentricity ( θ > 0 °). For θ > 0 °, the trigger

robability for two telescopes in coincidence depends on the an-

le between the major axis of the ellipse illuminated by Cherenkov

ight and the line joining the telescopes. In Fig. 3 , the trigger rate

s shown for orthogonal (top panel) and parallel (bottom panel)

lignment of telescope pairs with respect to the air shower direc-
ion (angle β in Fig. 1 ). Differences between various alignments are

ore pronounced for large separations of telescopes, compare the

ed data points ( d = 640 m) for θ > 30 ° in both panels in Fig. 3 , for

xample. 

Fig. 4 demonstrates the influence of the telescope alignment

n the stereo trigger rate considered as a function of the inter-

elescope distance for θ = 0 ◦ and 60 ° (see also [28] ). In the case

f vertical incidence ( θ = 0 ◦, red data points), no significant differ-

nce in trigger rates is observed between parallel ( β = 0 ◦, circles)

nd perpendicular ( β = 90 ◦, triangles) orientations of the telescope

air with respect to the air shower direction. At θ = 60 ◦ (blue

arkers), the variation of the trigger rate with the alignment of

elescopes depends on their inter-distance. In the studied range of

elescope separations ( d ∈ [0 m, 640 m]), the trigger rate in the par-

llel configuration is roughly 1 . 5 − 3 times greater than in the or-

hogonal case, see the top panel in Fig. 4 . 

The conic section of the Cherenkov radiation is roughly circular

n the plane perpendicular to the air shower direction. The sym-

etry of the trigger rate with the telescope alignment is restored

hen the inter-telescope distance, instead of in the ground plane

 d ), is expressed in terms of a projection in the shower plane ( d SP 

n Fig. 1 ). This projection is equivalent to the separation of the tele-

cope pointing directions and is given as 

 SP (θ, β) = d ·
√ 

1 − sin 

2 θ · cos 2 β. (6)
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Fig. 5. Fraction of the total size of the Earth’s magnetic field vector at the CTA-N 

location ( B N ) corresponding to the component ( B ⊥ ) perpendicular to the air shower 

direction given by the azimuth ( φ) and zenith ( θ ) angles. 
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Utilizing Eq. (6) , the data from the top panel in Fig. 4 can be

re-stated in terms of d SP , shown in the bottom panel of Fig. 4 .

The dependence of the stereo trigger rate on the zenith angle can

be parametrized for any alignment angle of telescopes by a single

equation, see Appendix A . An estimate of the trigger rate is then

obtained ( ̂  R 0 (θ, d SP ) , shown by the lines in the bottom panel in

Fig. 4 ) for any possible geometrical configuration ( d , θ , β). Such

estimates are valid if the influence of the geomagnetic field can be

neglected. 

4.3. Earth’s magnetic field 

The development of the air cascades initiated by CRs as well

as the distribution of emitted Cherenkov light is affected by the

Earth’s magnetic field [29–32] . Here, we focus on the variations of

stereo trigger rates due to the geomagnetic field. 

Charged particles in the air showers are deflected due to the ac-

tion of the Lorentz force governed by the component of the mag-

netic field perpendicular to their momentum vectors ( � B ⊥ ). Assum-

ing that the majority of particles move roughly along the direction

of the shower axis, the perpendicular component is parallel with

the shower plane (see Fig. 1 ) and is a function of the observation

direction, � B ⊥ = 

�
 B ⊥ (φ, θ ) . In Fig. 5 , the size of the perpendicular

component ( B ⊥ ) at the CTA-N site relative to the total magnitude

of the geomagnetic field ( B N ) is shown as a function of ( φ, θ ). 

Particles of opposite charges are deflected in the opposite di-

rections orthogonal to � B ⊥ and their momentum vectors. The lateral

extent of Cherenkov photons on the ground increases with 

�
 B ⊥ for

air showers developing under a given zenith angle. This results in

the overall decrease of the photon density on the ground. However,

the Cherenkov light yield may locally increase further away from

the shower axis in the directions perpendicular to � B ⊥ compared to

the case | � B | = B � 0 . 

Considering the estimates ˆ R 0 (θ, d SP ) (see Appendix A ) as an ap-

proximation of the trigger rate for B � 0, we inspect the uncertain-

ties in these estimates caused by the influence of the Earth’s mag-

netic field. The geomagnetic field in the MC simulations was set

correspondingly to the CTA-N site 7 as �
 B N = [30 . 5 , −3 . 0 , 23 . 8] μT.

Variations of the trigger rates were investigated for zenith angles

θ ∈ {10 °, 37 °, 53 °} chosen approximately equidistantly in cos θ . In

each case, azimuth angles were chosen such that the resulting

configurations cover uniformly the possible outcomes of the per-

pendicular component B ⊥ . The number of studied configurations

increases with the zenith angle as the range of possible equally

spaced values of B ⊥ is the largest around θ = 55 ◦, see Fig. 5 . In

Fig. 6 , the ratio R/ ̂  R 0 (θ, d SP ) is shown as a function of d SP , where

R is the MC trigger rate in the realistic case B = B N . 

The statistical uncertainties of the individual estimates are de-

picted by solid error bars in Fig. 6 . These maximum uncertainties

are shown for the separation d SP = 400 m and range from 15% to

20%, depending on the value of θ . The uncertainties at d SP = 50 m

are typically of the order of 10 − 15% . The inaccuracies correspond

to the numbers of simulated events in several bins of energy and

impact parameter. We investigated the reduction of uncertainties

in the eventuality of obtaining a 100 times larger set of events. To

this end, numbers of simulated showers in each bin were multi-

plied by a random number from a Poisson distribution with the ex-

pected value of 100. The resultant uncertainties of the ratios R/ ̂  R 0 

are then within about 2% as demonstrated by the dashed error bars

in Fig. 6 . 

Considering the trend of R/ ̂  R 0 , the average values taken over all

inter-telescope distances in Fig. 6 indicate a decrease of the trigger

rate with increasing B . We also infer that the variations of the
⊥ 

7 https://www.ngdc.noaa.gov/geomag-web/#igrfwmm (2017). 

s  

f  

e  
rigger rate with respect to the estimated value ( ̂  R 0 ) depend on

he angle α (see Fig. 1 ) between 

�
 B ⊥ and the projection of the line

oining the telescopes into the shower plane, as can be seen by

omparing the left and right panels in Fig. 6 . The particles in the

ir shower are deflected perpendicular to � B ⊥ . If the line joining the

elescopes is also perpendicular to � B ⊥ ( α = 90 ◦), there is a higher

herenkov light yield and, therefore, higher stereo trigger rate for

ore distant telescopes than in the case of a parallel alignment

 α = 0 ◦). 

As it is difficult to approximate the contribution of the geomag-

etic field for all different configurations, we refrain from adopting

nother effective correction for the effects of the field. The data

n Fig. 6 provide an estimate of the systematic uncertainties in-

roduced when the magnetic field is neglected. A restriction on

he specific configurations of observations can be imposed in or-

er to keep the uncertainties on 

ˆ R 0 below a given limit. For exam-

le, only observations with ( φ, θ , d SP ) satisfying B ⊥ / B N < 0.5 can be

hosen for the calibration using the CTC so that the variations of

/ ̂  R 0 are within ∼ 5%, see e.g. the panels for θ = 37 ◦ and 53 ° in

ig. 6 . 

Finally, it is worth noting that the total size of the geomagnetic

eld vector at the CTA-S site ( B S ) is smaller than that of the CTA-

 location, i.e. B S ≈ 0.6 B N . Thus, there are more CTA-S than CTA-

 configurations ( φ, θ , d SP ) for which B ⊥ is smaller than a given

alue. 

.4. Hardware 

Having eliminated the influence of the observation conditions

 O), we are concerned now with the hardware dependence of the

tereo trigger rates. The state of the telescope hardware, compris-

ng the optical and photo-detection elements, determines the effi-

iency of the Cherenkov photon detection ε. Here, we inspect the

ardware dependence by varying the optical efficiencies of tele-

copes from their nominal values while keeping the gain of camera

ensors fixed in the simulations. 

The trigger energy threshold ( E th , see Section 2.2 ) is assumed

o be determined by the telescope recording the least Cherenkov

ight. The amount of detected light is a combined effect of the tele-

cope detection efficiency and the number of Cherenkov photons

rom the air shower impacting the telescope. The latter changes

vent-wise and is, in the first order approach for air showers of the

https://www.ngdc.noaa.gov/geomag-web/#igrfwmm
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Fig. 6. Ratio R/ ̂ R 0 as a function of the inter-telescope distance in the shower plane ( d SP ). ˆ R 0 (θ, d SP ) are the fitted values given by Eqs. (A .1) –(A .5) for B � 0. Colors divide 

the data according to the relative size of the geomagnetic field component perpendicular to the air shower direction ( B ⊥ / B N ). The distributions are shown for three different 

zenith angles (rows) and two orientations of telescope pair relative to � B ⊥ (columns). The range of configurations shown in each panel is given by the range of possible values 

of B ⊥ / B N for a given zenith angle (see Fig. 5 ). Dashed lines depict 5% difference of ˆ R 0 compared to R . Error bars on the right sides of plots illustrate the maximum statistical 

uncertainties of data (solid) and the change of these uncertainties when the number of simulated events increases approximately hundred times (dashed). (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ame energy, given by the position of the telescope with respect

o the shower core. Motivated by these arguments, we explore the

ependence of the trigger rate of two telescopes in coincidence on

he optical throughput efficiencies of both. Additionally, the num-

er of photons arriving at a telescope is affected by their attenu-

tion in the atmosphere. We consider the atmospheric extinction

o be uniform for the same pointing directions of telescopes, and

hus decreasing the number of photons by a same factor for both

elescopes in the given pair. 
In Fig. 7 , the trigger rate of two telescopes is shown as a func-

ion of the product of their respective optical efficiencies ε 1 · ε 2 for

 fixed observing zenith angle (here θ = 20 ◦). Efficiencies selected

rom the interval [0.3, 1.0] refer to the simulated degradation of

elescope optical components relative to the specifications ( ε = 1 ).

n all instances, the telescope positions were fixed at d SP = 150 m. 

The trigger rate of a telescope pair appears to be proportional

o the product ε 1 · ε 2 . This behavior stems from the complex super-

osition of all instances when either of the two telescopes deter-
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Fig. 7. The trigger rate of two telescopes in coincidence at a distance d SP = 150 m 

as a function of the product of the telescope-wise mirror degraded efficiencies. Pro- 

ton showers incident at the zenith angle θ = 20 ◦ are used. All rates were normal- 

ized by a value of the maximum trigger rate in the simulated data set. The dashed 

line represents the equality R = ε 1 · ε 2 . 
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mines the trigger threshold of the pair. In order to account for this

dependence, we adopt the linear approximation 

ˆ R i j (θ, d SP , ε i , ε j ) ≈
ε i · ε j · ˆ R 0 

i j 
(θ, d SP ) as an effective description of the stereo trigger

rate. 

5. Test of the CTC method 

We tested our new approach to the CTC concept, described

in Section 2 , utilizing simulations of the full CTA-N array (see

Fig. 2 ). The chosen observation configurations were B ⊥ /B N = 0 . 3

and 0.5 (0.01 and 0.5) for the azimuth angles φ = 3 ◦ and 319 °
(355 ° and 33 °), respectively, for the zenith angles θ = 37 ◦ (53 °).
The air shower directions with B ⊥ / B N ≤ 0.5 were selected, in order

to restrict the systematic uncertainty due to the action of the ge-

omagnetic field. The zenith angles were chosen as in Section 4.3 ,

excluding the angle of 10 ° for which B ⊥ / B N > 0.5 in all azimuth di-

rections. For a given zenith angle, the azimuth angle was chosen

such that B ⊥ / B N equals either 0.5 or the lowest possible value. In

order to have a different optical efficiency for each telescope, de-

graded optical efficiencies were drawn from the normal distribu-

tion N (0 . 7 , 0 . 1) . 

As a first step, we perform the relative inter-calibration of the

optical throughput efficiencies in Section 5.1 . Then, using the set

of reconstructed efficiencies, the CTC is calculated as a measure of

the atmospheric transparency, see Section 5.2 . 

5.1. CTC as an inter-calibration method 

The results inferred for the stereo trigger rates in

Section 4 were used to obtain the trigger rate estimates, ˆ R 0 (O, ε)

in Eq. (2) , for the examined observation conditions and nominal

hardware setup. Initially, no assumptions about the telescope

detection efficiencies were made, i.e. transparency estimates ( ̂  T 0 
i j 

in

Eq. (4) ) were constructed for each pair of telescopes of a same type

( i , j ) with d SP ≤ 230 m for ε i = ε j = 1 . Atmospheric transparency

( T ) and telescope efficiencies ( εi ) were then varied separately for

the LST ( i = 1 . . . 4 ) and MST ( i = 5 . . . 19 ) sub-systems so that the
um in Eq. (5) was minimised. One telescope in each sub-system

as chosen as a reference one and its efficiency, εR , was fixed

uring the optimization procedure (LST 1 and MST 5). As a result,

ets of reconstructed efficiencies relative to the reference one,

ˆ  i /ε R , were obtained for each simulated configuration ( φ, θ , B ⊥ ).
 comparison of the recovered efficiencies with the input ones

 ε i / ε R ) is shown in Fig. 8 . By varying the reference telescope, we

erified that its choice does not affect the outcome. For the LST

nd MST systems, the resolution of the method for the inter-

alibration of the telescope responses is about 5% (2%) and 3%

3%), respectively, for the choice of configurations with θ = 37 ◦

nd B ⊥ /B N = 0 . 3 (0.5). The resolution is 4% (7%) and 3% (4%),

espectively, for θ = 53 ◦ and B ⊥ /B N = 0 . 01 (0.5). 

In Fig. 9 , sets of the pairwise estimates ( ̂  T i j ) corresponding to

he recovered ˆ ε i are shown for T = 0 . 91 , θ = 53 ◦ and B ⊥ � 0. The

stimates are expressed relatively to the reference detection effi-

iency εR in terms of a quantity q i j = 

ˆ T i j · ε −2 /γ
R 

. Colored bands il-

ustrate the spread of q ij which is representative of the resolution

f the atmospheric transparency estimate. Relative transparency

stimates are consistent for all telescope pairs if the atmospheric

onditions are uniform across the array. In the shown example, the

esolution is better than 2%. 

All ratios q ij / q kl remain constant regardless of the choice of a

eference telescope but the absolute values of the estimates are not

ndependent of it, as shown for the MSTs (red) and LSTs (blue) in

ig. 9 . The ambiguity in the absolute scales of recovered efficien-

ies due to an arbitrary choice of a reference telescope in individ-

al subsystems ( ε LST 
R 

, ε MST 
R 

) has to be removed in order to achieve a

oherent cross-calibration of telescopes of different types. An over-

ll scaling factor between different telescope classes can be ob-

ained as a ratio of sample means of q ij in each subsystem, e.g.

 = 〈 q LST 〉 / 〈 q MST 〉 . Reference efficiencies in different sub-systems

an be related through the factor r γ /2 , e.g. ε LST 
R 

= r γ / 2 · ε MST 
R 

. 

It is worth noting that the results presented in Figs. 8 and

 were obtained for the same model of aerosol concentration,

or T = 0 . 91 as used to derive the results of Section 4 . Relative

nter-calibration performed using the simulated data with different

erosol levels yields the optical throughput efficiencies consistent

ith the results presented above. 

.2. CTC as an atmospheric calibration method 

We examine the CTCs calculated according to Eq. (3) for vari-

us atmospheric models. For each of the MC configurations sum-

arized in Section 5 , four different tables of the optical depth (see

ection 3.3 ) were assumed, including the reference one used to de-

ive the results of Section 4 . The median atmospheric transparency

bservable by the telescopes was set to T ∈ {0.82, 0.88, 0.91, 1.00},

orresponding to the tropospheric, desert, navy maritime or no

xtinction of light due to aerosols, respectively [27] . The normal-

zation in Eq. (2) was ascertained as K = T −1 
R 

, where T R = 0 . 91

s the reference value of the atmospheric model used throughout

ection 4 . 

In order to calculate the CTCs using Eq. (3) , the optical through-

ut of telescopes has to be obtained in advance by an indepen-

ent procedure (using e.g. muon analysis [9,10] or external cal-

bration devices [14,15] ). For illustration purposes, we estimate

his throughput using the relative inter-calibration described in

ection 5.1 , i.e. relying on the optical efficiency of the reference

elescope ( εR ). It is worth noting that in reality, this approach

ould be used if εR was set by some other absolute calibration

ethod [4] . Since no measurements were available for our study,

R was taken as the value ε5 which was set as the efficiency of

he reference telescope MST 5 in the MC simulations. The refer-

nce efficiency ε LST 
R 

of the LST sub-system was then set to ε LST 
R 

=
 

γ / 2 · ε MST . 

R 
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Fig. 8. Reconstructed values of the telescope optical efficiencies relative to the efficiency of the reference telescope, ˆ ε i /ε R , are plotted against the input values chosen 

into simulations, ε i / ε R . The recovered efficiencies were ascertained from the inter-calibration of the simulated CTA-N array. The results are shown for θ = 37 ◦, φ = 3 ◦

(319 °), B ⊥ /B N = 0 . 3 (0.5) in the left panel and θ = 53 ◦, φ = 355 ◦ (33 °), B ⊥ /B N = 0 . 01 (0.5) in the right panel. Smaller markers correspond to the lower values of B ⊥ / B N . The 

percentage residuals are shown below. Dashed lines represent the equality ˆ ε i /ε R = ε i /ε R . 

Fig. 9. Pairwise atmospheric transparency estimates relative to the optical efficiency εR of the reference telescope (LST 1 or MST 5), q i j = 

ˆ T i j · ε −2 /γ
R 

. These estimates are 

depicted for all pairs of telescopes of a same type with d SP ≤ 230 m separately for the LSTs (blue) and MSTs (red). The labels of individual telescopes are shown on the 

horizontal axes. Observation conditions correspond to θ = 53 ◦, B ⊥ /B N = 0 . 01 and T = 0 . 91 . 
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In Fig. 10 , the CTC estimates ( ̂  T ) are compared with the trans-

arency values for the atmospheric models used in MC simula-

ions. The relative root mean square deviation of reconstructed

tmospheric transparencies in the studied examples is better

han 4%. Specifically, the achieved precision is better than 2% for

= 37 ◦ and B ⊥ /B N = 0 . 3 , 0 . 5 . For θ = 53 ◦, the resolution is about

% and 4% for B ⊥ /B = 0 . 01 and 0.5, respectively. 
N 
An offset between the CTC estimates obtained for two different

alues of B ⊥ / B N is present for θ = 53 ◦, as can be seen by compar-

ng the small and big markers in the right panel in Fig. 10 . We note

hat this effect may arise due to the influence of the geomagnetic

eld characterized by the values of B ⊥ / B N and α (see Section 4.3 ).

n order to verify whether this offset is systematic, a further study

ith increased number of MC simulations will be necessary. 
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Fig. 10. The CTC estimates ( ̂ T ) are compared to the atmospheric transparencies T inserted as input in MC simulations. Percentage residuals are shown below, dashed lines 

illustrate the perfect agreement. Smaller markers correspond to the lower values of B ⊥ / B N . For further details see caption to Fig. 8 . 
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6. Discussion 

We presented and tested a new way of calculation of the CTC

[17] for its use for arrays of IACTs. The motivations for our method

are the monitoring of the atmospheric transparency to Cherenkov

light and the relative inter-calibration of telescope optical efficien-

cies. The essence of our approach is the monitoring of rates of CR-

induced air showers that trigger chosen pairs of telescopes of a

same type. 

Atmospheric monitoring using the CTC is complementary to the

calibration with the instruments anticipated for the CTA [3] . The

advantages of the CTC are due to its uniqueness among the atmo-

spheric calibration approaches that lies in the usage of telescope

data taken during scientific observations (numbers of registered air

showers). The CTC provides an estimate of the atmospheric trans-

parency to Cherenkov light in the same time range and direction

in which the astrophysical target is observed with excellent time

resolution. Calibration using Cherenkov light estimates the atmo-

spheric transmission in the wavelength range relevant to the func-

tion of IACTs. No dedicated equipment or calibration data acquisi-

tion are necessary for the calculation of the CTC. Hence, the ap-

plication of the method does not interfere with the array’s regular

data taking, nor with the operation of other nearby observatories

which might be of inconvenience for calibration using Lidars, for

example. 

Atmospheric effects influence the observations by IACTs if they

take place below the altitudes of the maximum of the Cherenkov

emission from air showers which happens below ∼ 12 km for

showers in the CTA energy range [19] . Specifically, clouds thinner

than the length of air showers (e.g. cirrus clouds) or those formed

at higher altitudes have partial or no impact. Calculated using the

telescope data, the CTC provides a measure of the ground layer

aerosol optical depth up to the average height of CR air showers,

corresponding to the energy threshold of the instrument. 

The atmospheric transparency is a function of wavelength of

the incident light. IACTs are sensitive to photons in a wavelength

range given by the spectrum of Cherenkov light and, suitably

matched, the efficiency of camera photo-sensors which peaks in

the ultraviolet band (around 350 nm). Information about the wave-
ength dependency of the atmospheric transparency is not gath-

red by the telescopes and, thus, it is not provided by the CTC.

tmospheric and array calibration using the CTC will complement

ther dedicated devices capable of multi-wavelength calibration

hrough usage of sources of light emitted at distinct wavelengths

14,15,33] . 

Array inter-calibration using the CTC is performed in a relative

ay, similarly to other approaches employing observational data

e.g. cosmic ray background events [34] , reconstructed parameters

f γ -ray-induced air showers [11,12] ). The CTC algorithm can effi-

iently cross-check the optical throughput of all active telescopes

hen addressing concerns about possible discrepancies between

ifferent methods. 

Regarding the accuracy of our method, it can be inferred from

ur estimates of the telescope trigger rates. These rates were

btained from MC simulations in various observation configura-

ions ( d , θ , β). Actual trigger rate estimates were ascertained from

hese simulations by extrapolation by a continuous function (see

ppendix A ), which was sufficient for the purpose of our feasibil-

ty study. Nevertheless, a better picture can be achieved at the ex-

ense of more extensive computations. In order to keep the trigger

ate variations in individual bins below 5%, the number of bins in-

estigated in Figs. 3 and 4 should increase at least twice for the

enith angle in the range 0 ◦ − 60 ◦ and four-times for the inter-

elescope distance in the range 50–250 m. 

Inaccuracies of the atmospheric transparency and the telescope

ptical efficiency estimates are dominated by statistical uncertain-

ies due to computational limitations. Each data set was obtained

y simulating 5 × 10 8 proton-initiated air showers. Out of these,

(10 3 − 10 4 ) events triggered the telescope pairs, with O(10 0 −
0 2 ) events in individual bins of energy and impact parameter.

orresponding to these numbers, the statistical uncertainties of the

C trigger rates are 10–20%. We note that during the CTA obser-

ations the statistical uncertainty of the measured trigger rate will

e below 0.5% in runs of at least 10 min in duration and with a

rigger rate higher than 100 Hz. 

After the commissioning of the first CTA telescopes, the MC es-

imates of the stereo trigger rate (see Appendix A ) will be verified

ith CTA data for various ( d , θ , β) configurations, in particular for
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 ⊥ / B N ≈ 0. Estimates of the atmospheric transparency and relative

ptical efficiencies of telescopes obtained using the CTC concept

ill be cross-checked with the results of other methods and de-

ices for atmospheric and array calibration. 

As to the systematic uncertainties of the calculated estimates,

hey are dominated by the influence of the geomagnetic field on

he air shower development. A correction of the effects of the ge-

magnetic field could not be found for all configurations in zenith

nd azimuth angles with an accuracy consistent with the CTA re-

uirements, because of the limited computational resources. In-

tead, we identify the configurations of observations in which the

ncertainties on the trigger rate estimates are less than a few per-

ent, if no correction is applied. 

A restriction of the systematic uncertainties can be achieved by

mposing constraints on the maximum separation of a telescope

air, for example (see Section 4.3 ). Another option is to use only

ata obtained in observation runs conducted under carefully cho-

en zenith and azimuth angles corresponding to a smaller com-

onent of the geomagnetic field perpendicular to the air shower

irection. Similar choices may result in limitations on the use of

he CTC method, especially at sites with a larger magnitude of the

ocal geomagnetic field. 

A further systematic uncertainty of the CTC arises due to the

recision of the optical efficiency estimates obtained using other

pproaches. For example, the achievable accuracy of these esti-

ates is expected to be ∼ 4% for the muon calibration method [4] .

The findings inferred from the CTC feasibility study for the LSTs

nd MSTs at the CTA-N location are also applicable to the CTA-S

ite. One of the main differences between both sites is the magni-

ude of the local geomagnetic field. Its total size at the Southern

ocation is only 60% of that at the Northern site. Thus, we expect

hat the same constraint on ( φ, θ ), as applied to CTA-N, will result

n considerably more CTA-S observation runs for which the sys-

ematic uncertainties will be below a given limit. 

In addition to the differences in the local site conditions, the

TA-S array will be more complex, comprising more telescopes

han CTA-N and employing a third telescope class (SSTs) [35–37] .

he increased number of telescopes does not pose a problem for

he application of the extended CTC concept that utilizes stereo

rigger rates recorded by pairs of telescopes of the same type.

egarding the deployment of the SSTs, dedicated MC simulations

similarly to Sections 4.1 and 4.2 ) are foreseen in order to parame-

erize the SST pairwise trigger rates for different configurations ( d ,

, β). 

It is worth noting that a fixed configuration of the NSB was as-

umed in all MC simulations as the examination of different op-

ions was beyond the scope of this paper. However, the energy

hreshold ( E th ) and, correspondingly, the trigger rate may change

uring observations with elevated levels of the NSB and stars in

he telescope field of view. For example, it has been shown that

he energy threshold of the MAGIC telescopes can be approximated

s E th ∝ ( NSB / NSB Dark ) 
0.4 , where NSB is the brightness of the sky in

he units of the reference brightness during dark sky conditions

 NSB Dark ) [38] . 

Considering further the influence of the NSB, a procedure for

he control of the individual camera pixel rates can be employed

o cope with the saturation of pixels due to the higher NSB levels

e.g. bright stars). Discriminator thresholds for the individual pixel

riggers are automatically adjusted according to the pixel rates, as

ealized for the MAGIC telescopes [39] and foreseen for the LSTs in

TA [40] . However, this induces fluctuations of the recorded tele-

cope trigger rate close to the trigger threshold. Suitable offline

uts (e.g. application of the software trigger [41] ) can further sta-

ilize the event rate, and thus allow its use for the atmospheric

onitoring. A feasibility study is planned for the implementation
f the CTC under different NSB conditions and, related to that, in

he LST systems with variable trigger energy thresholds. 

Finally, we note that the extended CTC concept (see Section 2 )

an be employed also for other experiments consisting of multi-

le telescopes with a spacing of a few hundred meters and uti-

izing the imaging atmospheric Cherenkov technique in a stereo-

copic regime. 

. Conclusions 

A new approach to the method of the Cherenkov Transparency

oefficient has been presented as a viable option for the evalua-

ion of the Cherenkov light extinction in the atmosphere as well

s for the relative calibration of the telescope optical throughput

fficiency. The outlined update of the CTC calculation is essential

or applying the procedure to larger telescope arrays compared to

he current generation of IACTs. 

Focusing on the implementation within the future CTA obser-

atory, the attainable accuracy of the method in explored exam-

les has been shown to be 4% for the monitoring of the atmo-

pheric transparency and 4–7% for the inter-calibration of telescope

esponses. The achieved accuracy marks an improvement with re-

pect to the original CTC approach, compliant also with the CTA

erformance requirements [2] . 

Future studies will include the exploration of the CTC feasibility

nder dynamical trigger energy thresholds of the LSTs and differ-

nt NSB conditions. Investigation of the trigger rate dependencies

f the SSTs, for which three different designs are foreseen, is also

lanned for the CTC implementation at the CTA-S site. 

cknowledgments 

We would like to thank Maria Concetta Maccarone and Vladimir

ovotny for their insightful comments. We also thank Anthony

rown and Alison Mitchell for their careful reviews and comments

hat helped us to improve the paper. This work was funded by

he grants LTT17006 and LM2015046 of the Ministry of Education,

outh and Sports of the Czech Republic and the grant FPA2015-

9210-C6-6-R of the Spanish MINECO /FEDER, EU. This paper has

ndergone internal review by the CTA Consortium. 

ppendix A. Fit of the geometrical dependencies of the stereo 

rigger rate 

The dependence of the stereo trigger rate R of two telescopes

f a same type on the zenith angle (in the range θ ∈ [0 °, 60 °]) can

e approximately described by a function 

ˆ 
 (θ, x ) = p 0 ·

[
p 1 · exp 

(
− ( θ − p 2 ) 

2 

p 3 

)
+ cos θ

]
, (A.1)

here and x = d SP is the inter-telescope distance in the shower

lane (see Fig. 1 ). The terms in the square brackets in Eq. (A.1) ac-

ount for the zenith angle dependence of the MC trigger rate

ormalised to R (θ = 0 ◦) = 1 , see Fig. 3 . The unknown parameters

p i (x ) , i = 0 , 1 , 2 , 3 , can be estimated by 

p 0 = A · [ exp ( −B · x ) + C · exp ( −D · x ) ] , (A.2) 

p 1 = A · exp 

(
B · x C 

)
, (A.3) 

p 2 = A · x + B, (A.4) 

p 3 = 

{
A · x + B, if x ≤ C 
D · x + E, if x > C. 

(A.5) 

https://doi.org/10.13039/501100003329
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Table A.1 

Fit parameters. 

p 0 p 1 p 2 p 3 

A (2.95 ± 0.09) × 10 3 (2 . 2 ± 1 . 0) × 10 −2 (5 . 6 ± 0 . 2) × 10 −2 (1.9 ± 0.1) 

B (2 . 00 ± 0 . 07) × 10 −2 (1 . 9 ± 1 . 0) × 10 −1 33.8 ± 0.6 169.9 ± 6.4 

C (7 . 7 ± 0 . 3) × 10 −1 (4 . 9 ± 0 . 7) × 10 −1 – 264 ± 58 

D (6 . 0 ± 0 . 1) × 10 −3 – – (6 . 9 ± 0 . 6) × 10 −1 

E – – – 489.9 ± 11.3 
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The fit parameters A , B , C , D , E for the case of the CTA middle-

sized telescopes are summarized in Table A.1 . These parameters

were obtained assuming that the relevant unit is degree, metre and

Hertz for angles, distances and the trigger rate estimates ˆ R , respec-

tively. 
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