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GammaLib Instrument spei� interfae 11 IntrodutionThe present doument desribes the instrument spei� interfae of the GammaLib toolbox and providesguideslines of how to add a new interfae to the toolbox.The general philosophy of GammaLib is that instrument spei� interfaes are implemented as lasses thatderive from abstrat base lasses (i.e. the base lass an not be instantiated). The base lass will implementas most methods as possible to redue the workload for integration of new instrument spei� interfaes.Most base lass methods, however, are delared as virtual and may be overloaded by instrument spei�methods that implement more eÆient omputations adapted to the spei� telesope.The instrument spei� aspets that have to be onsidered are the implementation of the instrumentresponse funtions (base lass GResponse) and of the instrument data (base lasses GEvent and GEvents).Eah instrument may ome with its own \data spae", and methods are needed that provide an abstratrepresentation of this data spae (base lasses GInstDir and GRoi). Also, instruments may point the skyin various ways and strategies (in partiular when omparing ground based telesopes to satellites), andalso here an abstrat representation is needed of these strategies (base lass GPointing). Finally, the datarelated to the observation with a given instrument di�er, and an abstrat interfae is needed to ombinedthose (base lass GObservation).Instrument spei� lasses are de�ned by inserting the instrument ode XXX between the apital G and theremaining part of the name. For example, the GResponse lass for CTA beomes GCTAResponse. Throughoutthis doument, we will indiate derived lass names by inserting the instrument ode XXX in the name.Instrument odes should always be 3 letters, unless name onfusion imposes the use of more letters.The following table summarizes the C++ lasses that have to be implemented for eah instrument. Exam-ples for the names of the derived lasses are given for CTA.Table 1: Instrument spei� lasses that have to be implemented.Name CTA name Setion UsageGEventAtom GCTAEventAtom ?? Implements individual events for unbinned analysisGEventBin GCTAEventBin ?? Implements data spae bins for binned analysisGEventCube GCTAEventCube ?? Container of data spae bins (event ube)GEventList GCTAEventList ?? Container of events (event list)GInstDir GCTAInstDir ?? Photon \diretion" in instrument oordinatesGObservation GCTAObservation ?? Implements instrument spei� observationGPointing GCTAPointing ?? Implements instrument spei� pointingGResponse GCTAResponse ?? Implements instrument spei� response funtionGRoi GCTARoi ?? Implements instrument spei� data seletionTo start from srath the implementation of a new instrument interfae, we strongly reommend to use theorresponding lasses in the template diretory of the GammaLib distribution (instrument ode XXX).



GammaLib Instrument spei� interfae 22 Instrument response2.1 Response model2.1.1 General instrument response funtionThe general instrument response funtion R(~p0; E0; t0j~d; ~p; E; t) provides the e�etive detetion area pertime, energy and solid angle (in units of m2 s�1 MeV�1 sr�1) for measuring a photon at position ~p0 withan energy of E0 and at the time t0 if it arrives from diretion ~p with an energy of E at time t on theinstrument that is pointed towards ~d.The photon arrival diretion ~p is expressed by a oordinate on the elestial sphere, for example RightAsension � and Delination Æ. For imaging instruments, the measured photon position ~p0 is likely also aoordinate on the elestial sphere, while for non-imaging instruments (suh as oded masks or Comptontelesopes), ~p0 will be typially the pixel number of the detetor that measured the photon. The de�nitionof ~p0 needs to be implemented for eah instrument as a derived lass from the abstrat base lass GInstDir.Assuming that the photon intensity reeived from a gamma-ray soure is desribed by the soure modelS(~p;E; t) (in units of photons m�2 s�1 MeV�1 sr�1) the probability of measuring an event at position ~p0with an energy of E0 at the time t0 from the soure is given byP (~p0; E0; t0j~d) = Z t0+�t0 Z 1E0��E Z
 S(~p;E; t)R(~p0; E0; t0j~d; ~p; E; t) d~p dE dt (1)(in units of ounts s�1 MeV�1 sr�1). The terms �t and �E aount for the statistial jitter related to themeasurement proess and are of the order of a few time the rms in the time and energy measurements.Computation of Eq. (??) in this general form is implemented in GammaLib by the virtual methodGObservation::model(). The following diagram gives the all tree of this method:GObservation::model() - ompute Eq. (1) for all soure modelsGModelSky::eval_gradients() - ompute Eq. (1) for one soure modelGModelSky::temporal() - perform integration over time (dt)GModelSky::spetral() - perform integration over energy (dE)GModelSky::spatial() - ompute sky position integrated valueGResponse::irf() - perform integration over sky positions (dp)The integration over sky positions ~p, expressed as a zenith angle � and an azimuth angle �, is given byP~p(~p0; E0; t0j~d;E; t) = Z�;� S(�; �; E; t)R(~p0; E0; t0j~d; �; �; E; t) sin � d� d� (2)whih has to be implemented for eah instrument by the virtual method GResponse::irf().1For unbinned analysis we also need to ompute the predited number of events for eah soure model (forbinned analysis we obtained this predited number by summing over all data spae bins). The preditednumber of events that are on average deteted from a soure is given byNpred = ZGTI ZEbounds ZROI P (~p0; E0; t0j~d) d~p0 dE0 dt0 (3)Here, ROI de�nes an event seletion region (suh as, e.g., an aeptane one). The de�nition of this eventseletion region is instrument spei�, and needs to be implemented for eah instrument as a derived lass1TODO: Why should we implement this for eah instrument? What we need for eah instrument is a point soure IRF.The integration ould be done in the general ase using a dumb (and slow) integration method. Thus, we need an instrumentdependent point soure IRF (where the GModel argument is replaed by GSkyDir) and we need a default implementation ofthe GModel method.



GammaLib Instrument spei� interfae 3from the abstrat base lass GRoi. Ebounds are de�nes a set of energy intervals for whih events are to bedeteted, and GTI spei�es the intervals of good time (Good Time Intervals) during whih the events aredeteted.Computation of Eq. (??) in this general form is implemented in GammaLib by the virtual methodGObservation::npred(). The following diagram gives the all tree of this method:GObservation::npred() - ompute Eq. (3) for all soure modelsGObservation::npred_temp() - ompute GTI integrated soure modelGObservation::npred_kern_spe::eval() - time integration kernelGObservation::npred_spe() - ompute Ebounds integrated soure modelGObservation::npred_kern_spat::eval() - energy integration kernelGModelSky::npred() - ompute ROI integrated soure modelGResponse::npred() - perform integration over ROIThe integration over the ROI is given byNROI(E0; t0) = ZROI P (~p0; E0; t0j~d) d~p0 (4)whih has to be implemented for eah instrument by the virtual method GResponse::npred().The orrespondane between the parameters given in the above equations and GammaLib C++ lasses andmethods is summarized in Table ??.Table 2: Correspondane between response parameters and GammaLib C++ lasses and methods. Thelast olumn indiates if an instrument spei� implementation is required (yes) or if it is optional or notpossible. Designation Equation Class (::method) Instrument spei�P (??) GObservation::model() optionalP~p (??) GResponse::irf() yesNpred (??) GObservation::npred() optionalNROI (??) GResponse::npred) yesS GModel no~p0 GInstDir yesE0 GEnergy not0 GTime nod GPointing yes~p GSkyDir noE GEnergy not GTime noROI GRoi yesGTI GGti no2.1.2 Fatorised soure modelIn many situations, the soure model an be fatorised into a position dependent, an energy dependent,and a time dependent term, i.e. S(~p;E; t) = SS(~p)� SE(E)� ST(t) (5)



GammaLib Instrument spei� interfae 42.2 EventsData are omprised of events. The are two types of events: event atoms and event bins. Events areombined together in GEvents. GEvents implements an iteration that allows iterating over event atoms orevent bins (the di�ereniation between both is transparent for the user). GEvents has an abstrat methodpointer(int index) that returns a pointer to an event. This method, whih has to be implement for eahinstrument, assigns information to all events. Note that in general, only a single event an be aessed ata time (any subsequent lass to the pointer() method makes the old pointer invalid.3 GammaLib instrument interfae3.1 Response lass GResponseThe interfae for the instrument response funtion is de�ned by the abstrat base lass GResponse. Aderived lass GXXXResponse (where XXX is the instrument ode) needs to be implemented to provide responseomputations.The interfae of GResponse is shown below:virtual void lear(void) = 0;virtual GResponse* lone(void) onst = 0;virtual bool hasedisp(void) onst = 0;virtual bool hastdisp(void) onst = 0;virtual double irf(onst GEvent& event, onst GModelSky& model,onst GEnergy& srEng, onst GTime& srTime,onst GObservation& obs) onst = 0;virtual double npred(onst GModelSky& model, onst GEnergy& srEng,onst GTime& srTime, onst GObservation& obs) onst = 0;virtual std::string print(void) onst = 0;3.1.1 GXXXResponse::lear()This method should set the instane to a lean initial state.3.1.2 GXXXResponse::lone()This method should return a pointer to a freshly alloated opy of the response instane.3.1.3 GXXXResponse::hasedisp()This method should return true if the response implements energy dispersions, false otherwise.3.1.4 GXXXResponse::hastdisp()This method should return true if the response implements time dispersions, false otherwise.3.1.5 GXXXResponse::irf()This method implements the omputation of P~p(~p0; E0; t0j~d;E; t) following Eq. (??).



GammaLib Instrument spei� interfae 53.1.6 GXXXResponse::npred()This method implements the omputation of NROI(E0; t0) following Eq. (??).3.1.7 MembersNo members are implemented by GResponse.3.2 Response support lasses3.2.1 GXXXInstDirNeeds to be implemented.3.2.2 GXXXRoiRegion in instrument diretions. Needs to be implemented.3.2.3 GXXXPointingNeeds to be implemented.3.3 Event ontainers GEventList and GEventCubeThe following methods an optionally be implemented to ompute N(~p0; E0; t0) more eÆiently that isdone by the generi method GEvents::model().3.3.1 GXXXEventList::model()3.3.2 GXXXEventCube::model()3.4 Event lasses GEventAtom and GEventBin3.4.1 GXXXEventAtom::model()3.4.2 GXXXEventBin::model()3.5 Observation lass GObservationvirtual void lear(void) = 0;virtual GObservation* lone(void) onst = 0;virtual GResponse* response(void) onst = 0;virtual GPointing* pointing(onst GTime& time) onst = 0;virtual std::string instrument(void) onst = 0;virtual std::string print(void) onst = 0;virtual double model(onst GModels& models, onst GEvent& event,GVetor* gradient = NULL) onst;virtual double npred(onst GModels& models, GVetor* gradient = NULL) onst;



GammaLib Instrument spei� interfae 63.5.1 GXXXObservation::lear()3.5.2 GXXXObservation::lone()3.5.3 GXXXObservation::response()3.5.4 GXXXObservation::pointing()3.5.5 GXXXObservation::instrument()3.5.6 GXXXObservation::print()3.5.7 GXXXObservation::model() (optional)3.5.8 GXXXObservation::npred() (optional)3.5.9 MembersGObservation implements the following proteted members:std::string m_name; //!< Name of observationstd::string m_statistis; //!< Optimizer statistis (default=poisson)GEvents* m_events; //!< Pointer to event ontainerm name is the name of the observation, and an be any arbitrary string of haraters. The preise value ofthis string is not relevant.m statistis de�nes the statistis (Poisson or Gaussian) that should be used for parameter optimization.m events provides a pointer to the event ontainer.3.6 Soure models3.6.1 Fatorized sky model (GModelSky)A speial type of soure model is given by the fatorisationS(~p;E; t) =M(~p)� P (E)� V (t) (6)whereM(~p) is a map of the intensity distribution (in units of sr�1),P (E) is the soure spetrum (in units of photons m�2 s�1 MeV�1), andV (t) is a soure modulation funtion (unitless).In this ase, Eq. (??) beomesN(~p0; E0; t0j~d) = Z t0+�t0 Z 1E0��E Z
M(~p)� P (E)� V (t)� L(~d; ~p; E; t)�Ae�(~d; ~p; E; t)�PSF (~p0j~d; ~p; E; t)�Edisp(E0j~d; ~p; E; t)Tdisp(t0j~d; ~p; E; t) d~p dE dt : (7)



GammaLib Instrument spei� interfae 73.6.2 Data model (GModelData)3.7 Sky diretions and maps, energies and times3.7.1 GSkyDir3.7.2 GEnergy3.7.3 GEbounds3.7.4 GTime3.7.5 GGti3.7.6 Sky maps3.8 Other support lasses3.8.1 Numerial integration (GIntegral)3.8.2 Numerial derivatives (GDerivative)



GammaLib Instrument spei� interfae 84 CTA interfae4.1 CTA responseThe CTA response funtion depends on the following parameters� the radial o�set � in the amera from the telesope pointing ~d,� the polar angle � in the amera from the telesope pointing ~d,� the zenith angle � of the telesope pointing,� the azimuth angle � of the telesope pointing,� the optial eÆieny �opt, and� the array on�guration C.Furthermore, the angular separation between true and measued photon diretion is denoted by Æ. Therelation between the angular parameters is illustrated in Fig. ??.Using these parameters, the CTA response funtion an be fatorised as follows:R(�; E0j�; �;�;�; C; �opt; E)= Ae�(�; �;�;�; C; �opt; E)PSF (Æj�; �;�;�; C; �opt; E)Edisp(E0j�; �;�;�; C; �opt; E) (8)where� Ae�(�; �;�;�; C; �opt; E) is the e�etive area (in units of ounts photons�1 m2),
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Figure 1: Relation between the pointing diretion ~d, the soure position ~p the observed photon arrivaldiretion ~p0, the radial o�set and polar angles � and �, and the angular separation Æ between true andobserved photon arrival diretion. The large irle indiates the �eld of view, while the dashed irleindiates the line of onstant o�set angle �. The dashed line indiates the diretion for whih � = 0.
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Figure 2: TBD.� PSF (Æj�; �;�;�; C; �opt; E) is the point spread funtion (in units of sr�1), and� Edisp(E0j�; �;�;�; C; �opt; E) is the energy dispersion (in units of MeV�1).Note that 1 = 2� Z �0 PSF (Æj�; �;�;�; C; �opt; E) sin Æ dÆ (9)and 1 = Z 10 Edisp(E0j�; �;�;�; C; �opt; E) dE0 (10)Equation (??) an then be written asP~p(~p0; E0; t0j�;�; C; �opt; E)= Z �0 Z 2�0 S(�; �; E; t)Ae�(�; �;�;�; C; �opt; E)� PSF (Æj�; �;�;�; C; �opt; E)Edisp(E0j�; �;�;�; C; �opt; E) sin � d� d� (11)where the soure intensity is for onveniene given as funtion of o�set angle � and polar angle � aroundthe pointing diretion ~d (f. Fig. ??).As PSF (Æj�; �;�;�; C; �opt; E) falls strongly with inreasing Æ, we may de�ne a maximum angle Æmaxbeyond whih the PSF drops to zero. Evaluation of Eq. (??) an thus be limited to a iular regionaround ~p0 with radius Æmax (f. left panel of Fig. ??). The azimuthal integration is then limited to aninterval [�0 ���; �0 +��℄ around the position angle�0 = artan� sin(�~p0 � �~d)os Æ~d � tan Æ~p0 � sin Æ~d � os(�~p0 � �~d)� (12)



GammaLib Instrument spei� interfae 10of ~p0 with respet to ~d, where (�~d; Æ~d) and (�~p0 ; Æ~p0) are the Right Asension and Delination of ~d and ~p0,respetively. The half-width of the interval is given by
�� = 8>>>>>>>>>><>>>>>>>>>>:

0 if # = 0 and � > Æmax or� = 0 and # > Æmax or# � � + Æmax� if # = 0 and � � Æmax or� = 0 and # � Æmax or� � Æmax � #aros�os Æmax � os# os �sin# sin � � else (13)
where # is the angular separation between ~d and ~p0. Note that Eq. (??) is implemented by GSkyDir::posang()while Eq. (??) is implemented by the support funtion ta roi arlength() whih returns 2�� in unitsof radians.Furthemore, if the soure model is only non-zero within a irular region around ~p, the integration an befurther restrited to the overlapping region between the maximum PSF extent and this irular region.Sine only S(�; �; E; t) and PSF (�j�opt;�;�; �; C;E) depend on �, we an separate the azimuthal integra-tion from the o�set angle integration. We thus integrate �rst the produt of soure model and PSF overall azimuth angles usingSPSF(�j�opt;�;�; C; E) = Z 2�0 S(�; �; E; t)PSF (Æj�opt;�;�; �; C;E) d� (14)and then perform the o�set angle integration usingP~p(~p0; E0; t0j�opt;�;�; C; E) =Z �0 SPSF(�j�opt;�;�; C; E)Ae�(�opt;�;�; �; C;E)Edisp(E0j�opt;�;�; �; C;E) sin � d� (15)Equation (??) an then be written asP (~p0; E0; t0j~d) = Z 1E0��E Z
 S(~p;E; t0)Ae�(~d; ~p; E; t0)PSF (~p0j~d; ~p; E)Edisp(E0j~d; ~p; E) d~p dE (16)Sine for many astrophysial soures S(~p;E; t) drops quikly with energy, only photons nearE0 ontribute ef-fetively to the integral. For this reason, energy dispersion an also often be negleted, and Edisp(E0j~d; ~p; E)an be approximated by a Æ-funtion, leading toP (~p0; E0; t0j~d) = Z
 S(~p;E0; t0)Ae�(~d; ~p; E0; t)PSF (~p0j~d; ~p; E0) d~p : (17)These simpli�ations may be onsidered when implementing GResponse::irf() for a spei� instrument.the omputation of P (~p0; E0; t0j~d) for a spei� instrument.Using N(~p0; E0; t0j~d) given by Eq. (??), Npred, the total number of predited events, an be written asNpred = Z 10 Z 10 Z
 S(~p;E; t)L(~d; ~p; E; t)Ae�(~d; ~p; E; t)NPSF(~d; ~p; E; t)NEdisp(~d; ~p; E; t)NTdisp(~d; ~p; E; t) d~p dE dt (18)where the three integrals are to be taken over all possible photon arrival times t, true energies E, andarrivial diretions ~p. The integrations over the data spae seletions have been ompatly written asNPSF(~d; ~p; E; t) = ZROI PSF (~p0j~d; ~p; E; t) d~p0 (19)



GammaLib Instrument spei� interfae 11NEdisp(~d; ~p; E; t) = ZEbounds Edisp(E0j~d; ~p; E; t) dE0 (20)NTdisp(~d; ~p; E; t) = ZGTI Tdisp(t0j~d; ~p; E; t) dt0 : (21)By ombining all terms related to the instrument response funtion inNR(~d; ~p; E; t) = L(~d; ~p; E; t)Ae�(~d; ~p; E; t)NPSF(~d; ~p; E; t)NEdisp(~d; ~p; E; t)NTdisp(~d; ~p; E; t) (22)Eq. (??) simpli�es to Npred = Z 10 Z 10 Z
 S(~p;E; t)NR(~d; ~p; E; t) d~p dE dt (23)


