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DISCLAIMER: I am not a developer! This tutorial is based on other lessons from 
where I learned CTA analysis tools. Specially by J. Knodelseder & F. Longo.



This presentation aims to be a short practical introduction 
to one set of tools being developed for CTA analysis. 
!
“ctools" is similar to “fermi tools” in concept and after this 
you should be able to go and play with the tools yourself. 
!
!
Prerequisites: Rodrigo’s “fermi tools” hands-on sessions + 
Gernot’s ACT analysis introduction



What is ctools?

ctools!developers!

ctools is a project in development for CTA. 
It consists on a set of fermi tools-like executables for step-wise  
data analysis by end-users. 
!
Accessible from: 
	 https://cta-redmine.irap.omp.eu/projects/ctools 
	 check the wiki 
!
Contact information: 
	 subscribe to ctools@irap.omp.eu 
	

https://cta-redmine.irap.omp.eu/projects/ctools
mailto:ctools@irap.omp.eu


What is ctools?

ctools!developers!

Accessible from: 
	 https://cta-redmine.irap.omp.eu/projects/ctools 
	 check the wiki 
!
Contact information: 
	 subscribe to ctools@irap.omp.eu 
!
*ctools are based on GammaLib, a toolbox for high-level  
analysis of gamma-ray data 
	

https://cta-redmine.irap.omp.eu/projects/ctools
mailto:ctools@irap.omp.eu


What is provided by GammaLib?

Gammalib!

hFp://gammalib.sourceforge.net/!

High-level analysis functionalities tools — i.e., post-reconstruction 
events operations 

• event I/O 
• IRF implementation 
• data format 
• parameter specifications 
• versatile for multi-mission analysis* 
• and joint multi-instrument data analysis

Gammalib!

hFp://gammalib.sourceforge.net/!



GammaLib: the technology under the hood

8	

What is provided by GammaLib?

Gammalib!

hFp://gammalib.sourceforge.net/!

© Jürgen Knödlseder



Introduction

ctools!developers!

ctools is a collection of utilities for operating on CTA event data (photon 
lists) and IRFs in the FITS format, pretty much like the fools you 
operated at the hands-on yesterday. 
!
Each routine performs specific tasks such as: 

• binning 
• event selection 
• model fitting 
• … 

!
It shares all functionalities and interface capabilities of fermi tools, i.e. 
FITS files handling (”ftools”), python scripts, IRAF-style parameters files, 
HEASARC library packages, etc.  
!
	



in practice…

ctools!developers!

background model

instrument  
response functions

simulated (reconstructed)  
event lists

ctools!developers!skymaps

spectra

lightcurve



Across the borders

ctools!developers!

A common set of tools for high-energy photon-counting instruments 

X-rays low-E 
gammas

GeV gammas
VHEs

+ HEASARC’s 
cfitsio library



The Fermi/LAT  example
from Rodrigo’s hands on 

yesterday — if you are familiar with

Fermi tools you can use ctools directly

Julie McEnery July 8, 2010                                    5

Science Tools: FlowchartScience Tools: Flowchart



Equivalence between 
Fermi and ctools

Equivalent modular structure for 
science data analysis

Status of ctools

7	

ctools Fermi/LAT Science Tools

•  In terms of functionality and number of 
tools equivalent to the Fermi/LAT 
Science Tools

•  More models
•  Fitting of spatial and temporal 

parameters possible

Julie McEnery July 8, 2010                                    5

Science Tools: FlowchartScience Tools: FlowchartFermi ctools



Equivalence between 
Fermi and ctools

Equivalent modular structure for 
science data analysis

Status of ctools

7	

ctools Fermi/LAT Science Tools

•  In terms of functionality and number of 
tools equivalent to the Fermi/LAT 
Science Tools

•  More models
•  Fitting of spatial and temporal 

parameters possible

Some definitions

….

ctools!



Starting with ctools

download the code from  
http://cta.irap.omp.eu/ctools/download.html 
!
Get the source files and binary package for ctools and gammalib:

How do I get ctools?

•  Download the code 
–  http://cta.irap.omp.eu/ctools/download.html
–  Release tarballs for source installation (current version: 1.2.0)
–  Binary package for Mac OS X (other OS to come)
–  Development version as tarballs, binary package or from Git

13	

http://cta.irap.omp.eu/ctools/download.html


Installing ctools (you did not do it for Fermi!)

use mac binary package  
or build from source 
!

How do I install ctools?

14	

$ ./configure
$ make
$ make install

Building from source !
(first GammaLib, then ctools)

Using the Mac OS X binary package!
(includes GammaLib & ctools)

$ export GAMMALIB=/usr/local/gamma
$ source $GAMMALIB/bin/gammalib-init.sh
$ export CTOOLS=/usr/local/gamma
$ source $CTOOLS/bin/ctools-init.sh

Configuring GammaLib & ctools !
(put this into your .profile or .bashrc script)

Configuring gammalib and ctools:

How do I install ctools?

14	

$ ./configure
$ make
$ make install

Building from source !
(first GammaLib, then ctools)

Using the Mac OS X binary package!
(includes GammaLib & ctools)

$ export GAMMALIB=/usr/local/gamma
$ source $GAMMALIB/bin/gammalib-init.sh
$ export CTOOLS=/usr/local/gamma
$ source $CTOOLS/bin/ctools-init.sh

Configuring GammaLib & ctools !
(put this into your .profile or .bashrc script)

this goes into your /.bashrc script…



Data structure

[TSART] [TSTOP]
GTI - good time interval
[energy range]
IRF

Event data

reconstructed direction; 
reconstructed energy; 
time tag

How does the analysis work?

17	

Galactic longitude

•  CTA data live in a 4 dimensional world
–  Reconstructed arrival direction (2d)
–  Reconstructed energy (1d)
–  Time (1d)

•  For a given time interval, events can be binned in a 3 dimensional 
data space

…. for each time interval

counts cube



Simulating CTA data

No real data yet for CTA

simulated CTA data is done with the tool “ctobssim”:

How!to!use!ctobssim?!!

hFp://cta.irap.omp.eu/ctools/!

…as with Fermi tools, you are queried about each parameter [or leave it as default] 
!
$CTOOLS is an alias for the environment variable path 
The CTA IRFs (effective area, PSF width, etc.) are taken from a performance table at  
	 $CTOOLS/share/caldb/cta



Simulating CTA data

An example IRAF parameter fileThe IRAF parameter file ctobssim.par

4	



Simulating CTA data

No real data yet for CTA

simulated CTA data is done with the tool “ctobssim”:

How!to!use!ctobssim?!!

hFp://cta.irap.omp.eu/ctools/!

CTA events are simulated based on certain dummy instrument properties (the IRFs), plus 
a source and background model.



Simulating CTA data

No real data yet for CTA

CTA events are simulated based on certain dummy instrument properties (the IRFs), plus 
a source and background model.

How does the analysis work?

18	

•  ctools fits the 3d data space to extract spatial and spectral 
information about the gamma-ray sources
–  Parametrised model components
–  Simultaneous fitting of spatial and spectral parameters

Counts cube Model cube(s)

•  Classical VHE analysis techniques (on/off fitting, aperture photometry, 
etc.) are under development

CTA model data

How does the analysis work?

17	

Galactic longitude

•  CTA data live in a 4 dimensional world
–  Reconstructed arrival direction (2d)
–  Reconstructed energy (1d)
–  Time (1d)

•  For a given time interval, events can be binned in a 3 dimensional 
data space

the data cube…

The output events .fits file will contain all relevant event data within the specified circular ROI 
(region of interest). 
The duration of a run (observation) is 30 min, and typical energy range is from 0.1 to 100 TeV



What is a data model?

The source model is specified in a XML file 

Comprising of a spectral (Energy) and a spatial (map) model distribution 
Containing both source and background. 
!
In the previous example, we have a Crab model (PWL point source)  
+ offset Gaussian background

How!to?!



What is a data model?

The source model is specified in a XML file 
In the previous example, we have a Crab model (PWL point source)  
+ offset Gaussian background

How!to?!



What is a data model?

The source model

How!to?!

[PWL] : Prefactor + Index + Scale 
	 parameter value = value*scale 
	 [min, max] range + free = 1/0

How!to!use?!!

hFp://cta.irap.omp.eu/ctools/!

(ph/cm2/s/MeV)



What is a data model?

The background model

How!to?!

(ph/s/sr/TeV)
Spectrum = on axis background counting rate, per energy bin 
!
!
RadialModel = describe radial variation of the count rate

Gaussian (width ~ deg2)



The data model library (J. Knodelseder)
Model summary

20	

•  Spatial
–  Point source
–  Radial symmetric models

•  Gaussian
•  Disk
•  Shell

–  Elliptical models
•  Gaussian
•  Disk

–  “Diffuse” models
•  Map
•  Map cubes (energy dependent maps)
•  Isotropic

–  Composite

•  Spectral
–  Power law
–  Broken power law
–  Exponentially cut off power law
–  Super exponentially cut off power 

law
–  Log parabola
–  Gaussian (line)
–  File function (arbitrary spectrum)
–  Node function (arbitrary fit)
–  Constant
–  Composite
–  Multiplicative (useful for EBL)

•  Temporal
–  Constant
–  Light curve
–  Phase curve

And more to come (e.g. Dark Matter Halo)



The data model library (J. Knodelseder)

Model summary

20	

•  Spatial
–  Point source
–  Radial symmetric models

•  Gaussian
•  Disk
•  Shell

–  Elliptical models
•  Gaussian
•  Disk

–  “Diffuse” models
•  Map
•  Map cubes (energy dependent maps)
•  Isotropic

–  Composite

•  Spectral
–  Power law
–  Broken power law
–  Exponentially cut off power law
–  Super exponentially cut off power 

law
–  Log parabola
–  Gaussian (line)
–  File function (arbitrary spectrum)
–  Node function (arbitrary fit)
–  Constant
–  Composite
–  Multiplicative (useful for EBL)

•  Temporal
–  Constant
–  Light curve
–  Phase curve

And more to come (e.g. Dark Matter Halo)

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!



The data model library (J. Knodelseder)

Model summary

20	

•  Spatial
–  Point source
–  Radial symmetric models

•  Gaussian
•  Disk
•  Shell

–  Elliptical models
•  Gaussian
•  Disk

–  “Diffuse” models
•  Map
•  Map cubes (energy dependent maps)
•  Isotropic

–  Composite

•  Spectral
–  Power law
–  Broken power law
–  Exponentially cut off power law
–  Super exponentially cut off power 

law
–  Log parabola
–  Gaussian (line)
–  File function (arbitrary spectrum)
–  Node function (arbitrary fit)
–  Constant
–  Composite
–  Multiplicative (useful for EBL)

•  Temporal
–  Constant
–  Light curve
–  Phase curve

And more to come (e.g. Dark Matter Halo)

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!

Blazar SED in opt-Xrays



The data model library (J. Knodelseder)Model summary

20	

•  Spatial
–  Point source
–  Radial symmetric models

•  Gaussian
•  Disk
•  Shell

–  Elliptical models
•  Gaussian
•  Disk

–  “Diffuse” models
•  Map
•  Map cubes (energy dependent maps)
•  Isotropic

–  Composite

•  Spectral
–  Power law
–  Broken power law
–  Exponentially cut off power law
–  Super exponentially cut off power 

law
–  Log parabola
–  Gaussian (line)
–  File function (arbitrary spectrum)
–  Node function (arbitrary fit)
–  Constant
–  Composite
–  Multiplicative (useful for EBL)

•  Temporal
–  Constant
–  Light curve
–  Phase curve

And more to come (e.g. Dark Matter Halo)

On you can provide your own function file with (Energy, diff. Flux)

Spectral!Models!

hFp://gammalib.sourceforge.net/user_manual/modules/model.html#secPmodel!



The simulated events.fits file

To read the events.fits file 
simply use fv (as you probably did with the fermi data!) or ds9 
!
structure info for the fits: 
	 metadata; 
	 tabulated events; 
	 binary table for GTI.Event data

12	

•  Number of files / pointings: 1673
•  Total duration: 836.5 hours
•  Duration (ontime) of each file: 30 min
•  Slew time between pointings: 2 min
•  Time distribution: 10 hours night, 14 hours day
•  Deadtime fraction: 5%
•  Simulated event energies: 30 GeV – 120 TeV
•  Maximum offset angle: 5°
•  Dates covered: 2021-01-01T11:58:21 - 2021-03-30T12:28:51



Event file header

14	

Data space

Date and time interval covered

Reference (zero) time

Exposure and livetime

Pointing

The metadata (or header)

The simulated events.fits file



The events table

The simulated events.fits fileEvent file table

15	
Not necessarily in order!



The events table

The simulated events.fits fileEvent file table

15	
Not necessarily in order!

+ GTIs

Good Time Intervals

16	



There is also a log file…

The simulated log file…

How!to!use?!!

hFp://cta.irap.omp.eu/ctools/!

current UTC time

# sim source events

sim detector area
duration of sim



There is also a log file…

The simulated log file…

How!to!use?!!

hFp://cta.irap.omp.eu/ctools/!

# events detected# bkg events



Instrument Response Functions

How does the analysis work?

18	

•  ctools fits the 3d data space to extract spatial and spectral 
information about the gamma-ray sources
–  Parametrised model components
–  Simultaneous fitting of spatial and spectral parameters

Counts cube Model cube(s)

•  Classical VHE analysis techniques (on/off fitting, aperture photometry, 
etc.) are under development

How does the analysis work?

17	

Galactic longitude

•  CTA data live in a 4 dimensional world
–  Reconstructed arrival direction (2d)
–  Reconstructed energy (1d)
–  Time (1d)

•  For a given time interval, events can be binned in a 3 dimensional 
data space

or better….

?
Instrument Response functions

6	

•  Only South 20° zenith angle available so far
•  50 hr baseline IRF used to simulated 1dc.pre
•  Energy dispersion information ignored so far !

(will be used for final simulations)

Instrument Response functions

6	

•  Only South 20° zenith angle available so far
•  50 hr baseline IRF used to simulated 1dc.pre
•  Energy dispersion information ignored so far !

(will be used for final simulations)

?
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Instrument Response functions

6	

•  Only South 20° zenith angle available so far
•  50 hr baseline IRF used to simulated 1dc.pre
•  Energy dispersion information ignored so far !

(will be used for final simulations)

I = gamma-ray intensity at Earth as function of true properties (E, t, ra, dec)
e = gamma-ray (expected) event rate as function of reconstructed properties (E’, t’, ra', dec’)
R = instrument response to parameters “p”, where “a” are specific telescope parameters



Instrument Response FunctionsInstrument Response functions
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Instrument Response functions

6	

•  Only South 20° zenith angle available so far
•  50 hr baseline IRF used to simulated 1dc.pre
•  Energy dispersion information ignored so far !

(will be used for final simulations)

Response!FuncAons!

hFp://cta.irap.omp.eu/ctools/user_manual/geQng_started/response.html!
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Instrument Response functions

6	

•  Only South 20° zenith angle available so far
•  50 hr baseline IRF used to simulated 1dc.pre
•  Energy dispersion information ignored so far !

(will be used for final simulations)

Response!FuncAons!

hFp://cta.irap.omp.eu/ctools/user_manual/geQng_started/response.html!

N, S, 50 hrs, 5 hrs…



Instrument Response Functions

EFFECTIVE AREA

Effective area (full containment)

8	

True energy [LO, HI] Offset angle [LO, HI] Aeff

PSF

Point spread function (parametrised)

9	

PSF parametersTrue energy [LO, HI] Offset angle [LO, HI]

125 TeV



Instrument Response Functions

PSF

Point spread function (parametrised)

9	

PSF parametersTrue energy [LO, HI] Offset angle [LO, HI]

125 TeV

Point spread function (parametrised)

9	

PSF parametersTrue energy [LO, HI] Offset angle [LO, HI]

125 TeVE



Instrument Response Functions

BACKGROUND TEMPLATE

Background template

11	

BackgroundDETX [LO, HI] Ereco [LO, HI]DETY [LO, HI]

13-20 GeV 0.8-1.3 TeV 125-200 TeV

Background template

11	

BackgroundDETX [LO, HI] Ereco [LO, HI]DETY [LO, HI]

13-20 GeV 0.8-1.3 TeV 125-200 TeV[E1,E2] [E3,E4]

shown is counts 
versus position for 
two different energy  
ranges….



Instrument Response Functions

ENERGY RECONSTRUCTION

From which you derive Erec/Et:

Energy dispersion

10	

EdispTrue energy [LO, HI] Offset angle [LO, HI]Migration (Ereco/Etrue) [LO, HI]

[0°, 1°] [1°, 2°] [2°, 3°] [3°, 4°] [4°, 5°] [5°, 6°]

…with a lot of  
dispersion



How to for a few tools…

ctbin : binning CTA data 

How!to!use?!

A data cube with 
RA, DEC and E.

multiple maps for different 
energy ranges

How!to!use?!



How to for a few tools…

ctbin : binning CTA data 

How!to!use?!

A data cube with 
RA, DEC and E.

multiple maps for different 
energy ranges

ctbin!!



How to for a few tools…

ctlike : fitting CTA data 

L o g - l i k e l i h o o d 
model-fitting over 
binned data

How!to!use?!



How to for a few tools…

ctlike : fitting CTA data 

L o g - l i k e l i h o o d 
model-fitting over 
binned data

How!to!use?!

un-binned analysis 
can also be performed 
and is more powerful

ctselect : the first step to work directly on the events file

Likelihood!!

• first define the ROI (circular acceptance cone) 
• plus time and energy span 
• then run ctlike… 



How to for a few tools…

ctlike : TS calculation 

TS = 2 x (log L - log Lnull)

or…

sqrt(TS) ~ sigma(Gauss)

ctlike : use “tscalc = 1” 

TS!calculaAon!



How to for a few tools…

ctbutterfly : for spectra estimation - a complex procedure…

BuFerfly!!

BuFerfly!!!

plot using e.g. python from your 
butterfly.txt



Combining observations : maps

cttsmap : to produce a test statistics map (TS map)

TS = 2 x (log L - log Lnull)

How to generate a TS map?

27	



Script tools : SEDs

csspec : produces a broad-band spectrum by running ctlike  
	 over several energy bins



Script tools : light-curves…

cslightcrv :
How to generate a light curve?

30	

How to generate a light curve?

30	



Script tools : SEDs

csresmap : to inspect the residuals of the fitted skymaps…
Inspecting the fit residuals

19	

Inspecting the fit residuals

19	

Inspecting the fit residuals

19	



Script tools : SEDs

csresmap : to inspect the residuals of the fitted skymaps…
Inspecting the fit residuals

19	

Inspecting the fit residuals

19	

Inspecting the fit residuals

19	

clearly a residual is 
remaining…



Diffuse emission model!Adding a galactic diffuse component to the 
model

20	



Script tools : SEDs

csresmap : to inspect the residuals of the fitted skymaps…
Inspecting the fit residuals

19	

Inspecting the fit residuals

19	

with diffuse 
model…

Inspecting again the fit residuals

21	

… and so on.



csspec : produces a broad-band spectrum by running ctlike  
	 over several energy bins

Script tools : SEDs

cscripts!

plus… : 



VO tools : Important!How to interact with Virtual Observatory tools?

32	

How to interact with Virtual Observatory tools?

32	

play with other tools 
like CDS’s Aladin,  

etc…



If you have a simulated sky already…
csobselect : selected from simulated observations all pointing with 0.1deg of GC, for 
example 

Selecting observations

11	

Select from the simulated observations all pointings that are within 0.1° 
of the Galactic Centre

Selecting events

12	

Select from these observations only events between 100 GeV and 100 TeV
ctselect : selected from these only events between 100 GeV and 100 Tev, e.g.



If you have a simulated sky already…

ctskymap : create a sky map from your selected event files Creating a sky map from the events

13	

© Jürgen Knödlseder



Creating a background subtracted sky map

14	

If you have a simulated sky already…

ctskymap : …or a background subtracted skymap 

© Jürgen Knödlseder



Creating a background subtracted sky map

14	

If you have a simulated sky already…

ctskymap : …or a background subtracted skymap 

© Jürgen Knödlseder

cssrdetect : detecting source candidates within 
sky map selected events 
!
> detection threshold?



Creating a background subtracted sky map

14	

If you have a simulated sky already…

ctskymap : …the significance of a sourceHow to compute the significance of a source?

26	

How to compute the significance of a source?

26	

Will be given in 
terms of a TS 
(see below!)


