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The construction of the Cherenkov Telescope Array, cangisif two observatories designed
to observe the very high energy gamma-ray sky with unprededesensitivity and precision, is
expected to start soon. We will present the baseline metaodsheir extensions currently fore-
seen to calibrate the observatory. These are bound to &cthiewstrong requirements on allowed
systematic uncertainties for the reconstructed gammamaygy and flux scales, as well as on
the pointing resolution, and on the overall duty cycle ofdbservatory. Onsite calibration activi-
ties are designed to include a robust and efficient calimmadf the telescope cameras, and various
methods and instruments to achieve calibration of the dhagraical throughput of each telescope,
leading to both inter-telescope calibration and an absatatibration of the entire observatory.
One important aspect of the onsite calibration is a corredeustanding of the atmosphere above
the telescopes, which constitutes the calorimeter of thisalion technique. It is planned to be
constantly monitored with state-of-the-art instrumeatslitain a full molecular and aerosol pro-
file up to the stratosphere. In order to guarantee the begifube observation time, in terms of
usable data, an intelligent scheduling system is requiveith gives preference to those sources
and observation programs that can cope with the given atheospconditions, especially if the
sky is partially covered by clouds, or slightly contamirtatey dust. Ceilometers in combina-
tion with all-sky-cameras are plannned to provide the alzery with a fast, online and full-sky
knowledge of the expected conditions for each pointingatioa. For a precise characterization
of the adopted observing direction, wide-field optical$etgpes and Raman Lidars are planned to
provide information about the height-resolved and wavgliesdependent atmospheric extinction,
throughout the field-of-view of the cameras.
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1. Introduction

The observation of very high energy gamma-rays using Ckexelight produced in extended
air showers has become a standard tool of modern astronoenyhevlast decad§][1]. Based on the
success of the present generation of ground-based Cher@i&scope arrays (H.E.S.S., MAGIC
and VERITAS!), the future Cherenkov Telescope Array (CTR) [2] will prdei the astrophysi-
cal community with one mature open-access gamma-ray aiseyvin both hemispheres for the
observation of gamma-rays with energies from a fews tenseM @ beyond 100 TeV with un-
precedented sensitivity and angular and energy resol{fio}]. To realise these goals, 3 sizes
of telescopes are planned: 23 m diameter Large-Sized€gles (LSTs), designed to provide the
CTA with a low energy threshold, 12 m diameter Medium-SiZetescopes (MST) which should
provide the majority of the improvement in flux sensitivitythe 100 GeV to 1 TeV energy range,
and a large number of Small-Sized-Telescopes (SSTs) tagxte high-energy reach of the CTA.

The current generation of Imaging Atmospheric Cherenkolestmpes (IACTs) has been
designed with the main aim of discovering new types of VergtHEnergy (VHE) gamma-ray
emitters in the universe. Meanwhile, current instrumemngssgarting to be limited by systematic
uncertainties: the necessary calibration precision ferubsedcalorimeter (the atmosphere) and
the Cherenkovight detection instrumentéhe telescopes) had not always been included in their
design. What is more, given the continuing success of th&€dd, facilitated by frequent im-
provements of sensitivity, an exhaustive optimizationha full analysis duty cycle has not been
a major issue until recently. There is still a potential toaer around 20-30% of the effective
duty cycle, now lost either at the moment when strong datc#eh is required to guarantee data
samples with stable systematic uncertainties for a comgpéctral and morphological analysis,
or already during observation, when the telescopes staptdking under sub-optimal observing
conditiong. Some of these instruments have learnt to continuously terothie optical throughput
of the telescoped][$] 6] as well as the properties of the gihers above thenj][7], and to correct
the pointing resolution offline to arcsecond precisiones@)].

Along with the discovery and subsequent establishment oE\@ddmma-ray source popu-
lations, new questions have arisen, involving the intégbi@n of source spectra, the detection of
flux variations and morphology studies of extended sourSeseral recent discoveries by H.E.S.S.,
MAGIC and VERITAS are hence limited by the systematic uraiaties with which the instrument
response is known. What was good enough at the beginningpdadiscovery of sources, is now
starting to limit performance (see e.§.][{0} L7, 12]).

The CTA, in turn, is expected to dedicate a significant faacof its lifetime topopulation
studiesandprecision measurementi will typically resolve spectral features such as theakomn
of Inverse Compton peaks, spectral breaks and cutoffs (yniairthe tens of GeV regime and the
tens of TeV regime), the imprint of the extinction of gamnags by the interaction with extragalac-
tic background light on the received energy spectra, andilplgseven spectral lines. It will also
resolve the morphology of sources to unprecedented poaciand determine the precise location
of VHE gamma-ray emission.

1Additional information on those experiments can be found vaw. npi - hd. npg. de/ hf mf HESS/ ,
WWMTRgI €. nppnu. npg. de andveri t as. sao. ari zona. edu, respectively.
2Under these circumstancemtimal atmospheric conditiorere practically identical witiphotometric nights
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The physics cases for CTA have been studied and boiled doaweddes ohigh-level require-
ments of which several concern the precision with which the ptgisproperties of the incident
gamma-rays must be known:

e Energy scale: The systematic error in the overall energle snast be below 10%.

e Source localization: The precision with which point sogrcan be located must be better
than 3 per axis with the goal of"3per axis.

e Availability: 100% of all feasible operational time must &eailable for observation.

Further requirements have been establishegeaf®rmance requirementghe following of which
especially affect the continuous online calibration dffor

e Cherenkov light intensity: The systematic error on the mezment of the absolute intensity
of the Cherenkov light (post-calibration) at the positidreach telescope must keB%, with
the goal of 5%.

e Effective areas: The uncertainty on the effective areal almve threshold, must bel2%,
with a goal of 8%.

e Exposure: The integrated exposure (well above threshoidy given target must be known
to better than 15%.

Some of these requirements can be fulfilled using methodshndnie state-of-the-art in some of
the current IACTs, while others require innovation beyomel ¢urrent state-of-the-art. Especially
the maximum availability, and the requirement on the syatenerror of the energy scale are quite
challenging.

2. General Strategy

Experience with the current generation of IACTs (H.E.SMAGIC and VERITAS) has
shown that the followingbaseline of calibration methodsan achieve about 15% systematic un-
certainty for the absolute energy scdle][[[3, 14] and 10%—20%pending on the energy range
— for the reconstructed fluf [IL8, |1f,]15] (an additional systc uncertainty oft(0.1-0.15) on
the slope of reconstructed power-law spectra is assumetl),for quality-selected data, i.e. after
removal of data taken under non-optimal atmospheric cimmait

e Analysis of regularly taken single photo-electron speffffd or calibration pulses interlaced
with air shower data taking in combination with the photoatistics methodq[17] for the
camera pixel calibratior[ [18],

e Analysis of muon rings and selected cosmic ray images tbreaé the optical throughput of
the individual telescope§][f], 8],

e Selection of acceptable atmospheric conditions with patara based on the trigger rated [19]
in order to control systematic errors on the energy scal@e tcaeptable level,

e The recent introduction of standard energy and effectiea aorrection by using a continu-
ously run LIDAR [7].
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Most of the residual systematics of the current generatistruments are due to un-monitored and
un-corrected changes in atmospheric conditions, but alssiraulated long-term degradation of
mirrors, cameras and of the telescope structure play a e baseline methods alone do not
yet guarantee that the requirements for the CTA are alwaysand moreover come along with
an unacceptably high data loss rate. On top of that, curfg@T$ are sensitive only for a part of
the energy spectrum covered by the CTA, whereas calibré@momes more and more difficult
towards the very lower and the very upper end of the energyeragither due to higher and higher
atmospheric shower heights, or due to less and less evéistista Successful calibration of the
CTA requires hence methods and instrumentiperforming the baseline established by the current
IACTs[P4]. For implications on and error budgets of the cameriébration, a separate proceeding
is available at this conferencl J20].

On the contrary to the above said, the systematic uncertéintthe localization of a point
source of the order of several arc-seconds has already loéeved in current IACTs by the
H.E.S.S. collaboratior{][9], at least within an array of ddqescope sizes. A more detailed discus-
sion on achievable pointing precision of the CTA are presgeisewhere in this conferen¢e][21].

3. Calibration of the Optical Throughput

A collaboration-wide effort was made to establish the feitigi of an optical throughput cali-
bration scheme based on muon rings (see fe.p[ [22, 23]). Bhadies led to the insight that a muon
calibration scheme seems viable for all telescopes, usigglar data taken close to contemporary
with normal science observations, but improving the culyeapplied technique. Slightly adapted
trigger thresholds (possibly adjusted to the expectedeshapmuon images) can be necessary for
the smallest telescopes at least, as well as sufficientlsiaxiti flagging of muon rings which have
triggered only one telescope, in order not to get lost by tleee coincidence trigger. Additionally,
the telescope and camera components must be designed atttetlransmitted part of the muon
spectrum below 290 nm becomes negligible, in order to ensuffecient match of the received
Cherenkov light spectra from local muons and remote ganay&owers.

The precision of muon calibration can then be safely esgéth&d about 2—3% systematic un-
certainties for any achromatic degradation of the optisedughput for Cherenkov photons in the
wavelength range between 290 nm and 700 nm. In the case @dieplong-term) wavelength-
dependent degradation of the optical elements of a telestio@ correction applied from the mea-
sured efficiency to muon rings might result in an over-cdeeefficiency to Cherenkov light from
gamma-ray showers. This over-correction may amouri1d%. It is hence essential to determine
the chromaticity of any degradation of optical elementsiftane to time, e.g. once a yeatr.

An option for the wavelength-dependent calibration of etathscope can be the use of a
calibrated light source flashing the telescopes from amtistaf>100 m, the so-calletllumina-
tor. Also light flashers mounted on Unmanned Air Vehicles (UAlfashing the telescopes from
above [2p], and calibrated lase[s][27] are an option.

Cross calibration of telescope response efficiencies gjirdloe use of cosmic ray images has
been shown to be a robust approach enabling calibratiorp@mtkent of many different hardware
technologies. Relative calibration through pairwise carigons ensures that multiple independent
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measurements over-determine the system of unknown paesnktading to an overall precision
at the 1-3% level after reasonable data collection tifndk [28

4. Atmospheric Calibration

Once the telescopes’ response to light is determined terbitan 4-5% systematic uncer-
tainty, the impact of the atmosphere must be understood ¢ved bf 8—-9%, in order to still meet
the required 10% systematic uncertainty on the energy scalte CTA.

Simulation codes such as CORSIKA and KASKADE-C++ agree iwith5% in their predic-
tion for the absolute light yield at ground level and its eddiistribution, excluding atmospheric
effects [}]. For CTA in turn, it is desirable to understaneé tiredicted light yield in MC simula-
tions to about 2%. In addition to that, desired simplification the Monte-Carlo simulation of the
air showers lead to additional uncertainties of the ordeg 2f%.

At mid-latitudes, seasonal variation of the Cherenkovtligbld can be as large as 25%, mostly
due to the difference in the height of shower maximum coupli¢ the height-dependent threshold
for Cherenkov light emissiorf JR9]. If measurements or preoins of the atmospheric profile with
a precision of about 1 g/cfrat a height resolution of 20 m are available, about 2.5% uaicey
on the relative radiation length of electrons and gamma, reyd hence the relative uncertainty on
the shower energy, which is of the same order of magnitudebeassumed. Since the Cherenkov
angle also depends on the molecular density profile, theatie@herenkov light density. for
vertical showers follow{[39]:

Pe 0 (Nyeg— Nobs) (4.1)

whereh’ ., is the median height of emission for Cherenkov light nearcthre, anchgps the obser-
vatory altitude.

Studies carried out for MAGIC have shown that an rms of abait@¢ between assumed and
true density profile leads to differencesgp of about 0.5%, 1.5%, 3.5% and 6% for gamma-ray
energies of 20 GeV, 200 GeV, 3 TeV and 70 TeV, respectivelys Glaometrical effect adds to an
additional, but smaller, error due to the mis-reconstaict®lecular extinction of Cherenkov light.

In order to reduce the errors from the insufficient undeitag of the molecular component
of the atmosphere to acceptable sizes-df g/cn? it is therefore important to start a dedicated
radiosonde campaign, once the CTA sites are selected aherghdta to validate global data as-
similation systems, like the GDA$ [30].

Modern radiosondes can also measure the concentrationrooeand will allow the uncer-
tainty due to absorption of light by ozone to be limited tosléisan 1%, if an ozone climatology
is later established. Molecular extinction of Cherenkahtishould be controlled to the same
precision, given the aforementioned precision in massbowvden and height.

The main contribution to systematic uncertainties steims fthe contribution of aerosols and
clouds and can show variability on time scales of tens of temuConsequently, aerosol extinction
needs to be measured/monitored on these time scales, wigtigipn of<2%, and a height reso-
lution of the order of one radiation length, i.€40 g/cn?. Only the fine-structure of the nocturnal
boundary layer does not need to be resolved.

Several CTA groups have started with the design of Raman R®48],[3R] early on in
the project, in order to continuously measure and moniterektinction of Cherenkov light due
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to aerosols to a precision better than 2%. LIDAR measuresnaré desirable since they can
identify both ground-level aerosols, where extinctionreotions of air shower data are straight-
forward [33], and the vertical structure of higher altituderosols (e.g. due to distant biomass
burning, desert dust intrusion, cirrus or volcanic erupg)owhere shower image profiles are sig-
nificantly distorted and where a correction is more difficblit nevertheless possiblg [7]. Strato-
spheric aerosols in turn, may cause a significant obscuarafithe star light after strato-volcanic
eruptions, but only influence the Cherenkov light from aiowhrs of exceptionally large heights
of shower production[[29] and hence only at the energy tiulelsbf the CTA. Hence, relying only
on photometry of reference stars may introduce a bias wteelllsito be corrected for. It is never-
theless useful for calibration and monitoring, e.g. withneah robotic optical telescope equipped
with a filter wheel, as UVscopg [B4], a sophisticated, pdetaimall-aperture multi-pixels photon
detector.

The FRAM telescopd [35], used at the Pierre Auger Obserydtoable to perform this proce-
dure over a large field-of-view, of the order of°2010°, and fine resolution (0.03, which is very
useful for determining the extinction across the field-afww Studies have started to determine the
impact of cirrus clouds covering parts of the FOV of a Cheoentamera on the angular and energy
resolution, and how to correct for the respective biasemeffbnce a FRAM picture is available
and the altitude of the cloud is determined, e.g. by the Rani2ARSs.

Scattered Cherenkov light plays only a minor role for IACE§][ A value of <1% addi-
tional contribution of light is expected for the large-sietescopes, anet2% for the small-size
telescopes, which will have a 1@eld-of-view.

5. Intelligent target selection

In order to enhance the effective duty cycle of the CTA, aeliigient scheduling system is
planned, which allows to prefer observation of sourcesdbigsinder good atmospheric conditions
over those covered by clouds or aerosol layers. This is &dfyetnportant in the case of cirrus
clouds, which rarely cover the entire sky. Given that thegheof an aerosol layer determines the
energy threshold of the systefn]33], and cirrus willimp&cangular resolution, such an intelligent
scheduling system shall be able to judge at each moment e observation requirements are
still met, or whether a different source with less strictuisgments should be observed instead.
Only when optimal observation conditions are not possibleuld atmospheric corrections be
applied.

For such pointing forecasts, scanning instruments, andlegky-Cameras[[36] are suitable.
Active scanning instruments should employ wavelengthsdbanot interfere with the CTA cam-
eras, such as commercial ceilometers (operating at 905 riiGar nm). All-Sky Cameras, which
have been largely used during the CTA site selection prdBésare becoming more and more the
standard tools for cloud detection at world-class astraoahobservatories. These highly sensitive
devices are able to detect even fine cirrus, by comparingidetdight fluxes from stars with their
catalog values. Exposure times of less than 1 minute arebpesand provide almost contempo-
raneous cloud maps. The cloud height cannot be measurechdgihowever, a task left to the
ceilometers.
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