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Telescope Principles in HE AstronomyTelescope Principles in HE Astronomy

Coded Mask & Detector Array Coded Mask & Detector Array 
(Multiple Pointings with Shadowing Mask 
and Position-Sensitive X-ray Detectors)

Compton Telescopes Compton Telescopes 
(Coincidence-Setup of 
Position-Sensitive Gamma-Ray Detectors)

Detector Arrays Detector Arrays 
(Coincidence-Setup of 
Pixelized Light Detectors)

Data:= Teleskope Trigger Events (multi-parameter vector), NOT an Image
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Data Type ExamplesData Type Examples

• X-ray Telescopes
Images
Spectra
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Data Type ExamplesData Type Examples
X WIRES: Packet = 363
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• Compton 
Telescopes:

Time Series of 
Detector Triggers

Position
Energy
Particle Track 
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Rules for Making Scientific StatementsRules for Making Scientific Statements
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Statistics of a MeasurementStatistics of a Measurement

We Are Counting Instrument’s Triggers
Multi-Parameter Event Messages
Poisson Statistics

Poisson-Likelihood Function for Statistical Tests:

Use As Statistical Criterion:

(is distributed like χ2 for n degrees of freedom, n=no of free parameters in fit)
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The Data Analysis ProblemThe Data Analysis Problem
• Facts

Measurement Obtained Data Instances
Experiment Has (Distorting) Characteristics

• Goals
Learn from Measurement
Put Lesson into Astrophysical Context

• Issues
How to Avoid Bias
How to Account for Imperfections of Measurement, 
Experiment, Astrophysical Theories

∫ •=
obsT

RdtSD

DRS •= −1

( )SDHp ,|
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The Instrumental ResponseThe Instrumental Response

• Instruments Distort the Measurement
Need to Determine Instrumental Response Function
Need to Include Instrument Response in Analysis

• Instrument Response Determination Methods
Calibration Measurements

Known Sources, Controlled Experiment
Simulations

Simulated Sources and Environment
Simulated Instrument
Physical Processes Encoded in Software



Roland Diehl<HE-Astro_TUM_SS2003>

The Role of The Role of SimulationsSimulations in in Telescope DesignTelescope Design

+ =

MEGA Flight  Concept

Scientific MissionPrototypes, Balloons, etc.

MEGA Prototype Simulation Model

Simulations, Models, etc.

MEGA Prototype

• Successful flight 
experiment, where:

Realistic estimates 
of performance 
help “sell” the 
mission
Instrument design 
is optimized for 
scientific mission 
and environment

Inexpensive and 
comparatively 
rapid
Flexible 
configuration
Flexible 
environment
Must model the 
component 
performance

Realistic 
component 
performance
Expensive and 
time consuming
Inflexible 
configuration
Unrealistic 
environment
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Simulating Compton TelescopesSimulating Compton Telescopes

• Analytical modeling of Compton 
imager physical response is 
impractical due to complexities of 
geometry, scattering, and 
secondary production

• The most viable approach is 
Monte Carlo radiation transport
simulation — probabilistic tracking 
individual “test particles”

• Other simulations important to 
instrument design:  mechanical, 
thermal, electronics, etc.

Photons
Electrons
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Instrument Simulation FrameworkInstrument Simulation Framework

Science
Goal

Inputs

Background
Inputs

Orbital
Environment

Model

Physical
Simulation

Engine

Instrument
Mass Model

Spacecraft
Mass Model

Test Data
and/or
Models

Instrumental
Effects Engine

Data Processing
and Analysis

Mechanical
Model(s)

Physics
Data/Models

Science
Performance
Evaluation

Auxiliary
Data/Models

Iterate at All Levels

Credible Simulation Requires Credible Inputs at All Levels
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Monte Carlo Radiation Transport PackagesMonte Carlo Radiation Transport Packages

• Requirements for (e.g. Compton
Telescope) simulations:

Detailed electromagnetic physics
for direct telescope response 
(~1 keV – …100 MeV)

Competent hadronic cascade 
physics for simulation of prompt 
cosmic-ray–induced background

Isotope excitation and 
radioactive decay for simulations 
of delayed activation-induced 
background

Convenient and flexible handling 
of complex geometry and 
materials for rapid design studies

Modern, modular architecture
that allows customization

• The particle and nuclear 
physics communities have 
developed several “general-
purpose” Monte Carlo 
transport packages, 
including:

EGS
FLUKA
HETC/MORSE/MICAP
CALOR
MCNP/MCNPX
GEANT/GEANT4
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An Example: CapabilitiesAn Example: Capabilities of GEANT4of GEANT4

GEANT := GEometry And Tracking

• Complex 3D geometry, materials, 
MC transport, and visualization in 
one package

• Developed & maintained by CERN 
+ large collaboration

• Modern, object-oriented (C++) 
“toolkit” architecture

• Comprehensive (nearly) suite of 
EM and hadronic physics

• Straightforward installation and 
use on many platforms

Wintel, Sun, HP, Linux, Darwin

• ESA Space Specific Modules

• General Source Particle Module
Tookit for input spatial/spectral sampling

• Radioactive Decay Module
Provides the capability to model 
activation-induced background in orbit
Uses detailed Evaluated Nuclear 
Structure Data Files

• Low-energy EM physics
Uses detailed cross sections from LLNL 
Evaluated Photon/Electron/Atomic Data 
Libraries
Applicable above ~250 eV
Ties X-ray and Gamma-ray applications
Important omission: electron binding 
effects in Compton

geant4.web.cern.chgeant4.web.cern.ch www.space.qinetiq.comwww.space.qinetiq.com
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Detailed Physics Example:Detailed Physics Example:
EffectsEffects of Atomic Electron Bindingof Atomic Electron Binding
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• Suppresses forward scattering, 
particularly at low energies
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• Suppresses total scattering 
probability at low energies
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• GEANT4 Low-energy Compton process includes these effects
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Doppler Broadening Physics & EffectsDoppler Broadening Physics & Effects
pz = 0 ; Eo = moc

2For free electron:

Doppler broadening error:

ϕ
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For bound atomic electron:

k = ko −
kok
Eo

1 − cosϕ( ) − pz ko − k ⇒ ∆k = k − kfree; ∆ϕ = ϕ −ϕ free
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Example: VerificationExample: Verification of G4LECSof G4LECS

• G4LECS compared to synchrotron beam experiment
Namito, Ban, Hirayama, et al. (1994, 1995)
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Carbon 40 keV

Test Results:
• Good agreement in Compton 

and Rayleigh peaks (and Ge-
K escape)

• Some differences in multi-
Compton continuum probably 
due to approximated 
geometry

Experiment
(Polarized Beam)

Simulation
(Unpolarized Beam)
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MC Simulations with GEANT:MC Simulations with GEANT:
ApplicationApplication to Compton Telescope Designto Compton Telescope Design

Doppler Limit Angular Resolution
Zoglauer & Kanbach, Proc. SPIE 4851, 1302 (2003)
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Generating an Image (or Spectrum) from a Generating an Image (or Spectrum) from a 
MeasurementMeasurement

• Problem: Find Best Image as Constrained by 
Apparatus and Statistical Uncertainty of Data

Do Not Fit Noise
Do Not Over-Resolve Image (Spectrum)

• Ideal: Inversion of Response Matrix
SVD Analysis

• Real Case: Singularities in Response Matrix
Iterative Methods: 

– Predict Data from Trial Image
– Compute Difference to Real Data
– Compute Gradients of Difference wrt Image Parameters
– Improve Trial Image
– Iterate Until Stopping Criterion

(Additional) Criteria
– Measurement Statistics (Poisson, Gauss; Bootstrapping)
– Goodness-of-Fit (χ2, Likelihood)
– Image Entropy (Smoothness)
– Image Scale Filters (Wavelet Amplitudes)

∫ •=
obsT

RdtSD

DRS •= −1
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COMPTEL 1.8 MeV Maps: Different Imaging MethodsCOMPTEL 1.8 MeV Maps: Different Imaging Methods

Phase 1-7

Maximum-Entropy
Imaging Deconvolution (“ME”):
Global-Entropy-Damped and 
Misfit-Gradient-Driven Iterations Towards 
Maximum-Likelihood Fit.
Background Model from Adjacent Energies

Multi-Resolution 
Expectation Maximization 
Imaging Deconvolution (“MREM”):
Misfit-Gradient Driven and
Scale-Hierarchically 
Noise-Damped 
Iterations (RL) Towards 
Maximum-Likelihood Fit.
Background Model from Adjacent Energies

Multi-Energy-Band Likelihood Fit 
of Iteratively-Improved Source Model
and Background Docomposition:
Models for Celestial Continuum Emission
Simultaneously Fit in Several E Bands with
Empirical Bgd Model per E Band, 
Likelihood Imaging of Residual Line Flux 
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Statistical Data Analysis: PrinciplesStatistical Data Analysis: Principles

ref: Tom Loredo

Measurements May 
Be In Error
Hypotheses May Be 
Wrong
Use Knowledge About 
Instrument
Make Assumptions 
Explicit
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Estimating Parameters Estimating Parameters 
(of an Astrophysical  Model)(of an Astrophysical  Model)

1. Formulate Model with “parameters-of-interest”
2. Determine “best-fit” Parameter Values
3. Assess Uncertainties
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Many (Model) Parameters in Data AnalysisMany (Model) Parameters in Data Analysis

Select a Model with 
Least Complexity 

(Occam’s Principle; 
“Occam’s Razor”)

ref: Tom Loredo
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Complex Astrophysical ProblemsComplex Astrophysical Problems
• Modelling Source Spectra

Photo-Ionization Codes
MC Photon Transport in SN/SNR
Bremsstrahlung, IC, …
…

• Modelling Source Dynamics
Multi-D Explosion Treatments (SN,N,…)
Magneto-Hydrodynamical Codes
…

• Modelling Complex Objects
SNR Expansion into ISM, GRB Afterglows, …
Galaxy Rotation: GMC’s, Hα Emission Models, …
Galaxy Cluster Gas Evolution
Structure Formation in Early Universe
…
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Hypothesis Testing: Spectral Models in XSPECHypothesis Testing: Spectral Models in XSPEC
• Spectral Model Fitting

mekal Mewe-Kaastra-Liedahl thermal plasma (1995).     
mkcflow Cooling flow model based on mekal.   
mtable Multiplicative table model.      
nei Simple nonequilibrium ionization plasma model.    
notch Notch line absorption.      
npshock Plane-parallel shock with ion and electron temperatures.  
nteea Pair plasma model.      
pcfabs Partial covering fraction absorption.     
pegpwrlw Powerlaw with pegged normalization.     
pexrav Exponentially cut-off power-law reflected from neutral matter.  
pexriv Exponentially cut-off power-law reflected from ionized matter.  
phabs Photo-electric absorption       
pileup CCD pile-up model      
plabs Absorption model with power-law dependence on energy.  
plcabs Cut-off powerlaw observed through dense, cold matter.  
posm Positronium continuum.       
powerlaw Simple photon power law.     
projct 3-D to 2-D projection mixing model.   
pshock Constant temperature, plane-parallel shock plasma model.   
raymond Raymond-Smith thermal plasma.      
redden IR/optical/UV extinction from Cardelli et al. -1989  
redge Recombination edge.       
reflect Convolution model for reflection from neutral matter  
refsch E-folded power-law reflected from an ionized relativistic disk. 
rgsxsrc Convolution model for extended sources with the XMM RGS.
sedov Sedov model with electron and ion temperatures.  
smedge Smoothed absorption edge.      
spline Spline multiplicative factor.      
srcut Synchrotron radiation from cut-off electron distribution.   
Synchrotron radiation from escape-limited electron distribution.    
SSS ice Einstein Observatory SSS ice absorption.   
step Step function convolved with gaussian.    
tbabs Absorption due to the ISM including molecules and grains.
tbgrain ISM absorption with variable molecule and grain fractions. 
tbvarabs ISM absorption with variable abundances and grain depletion. 
uvred UV reddening.       
vapec APEC thermal plasma model with variable abundances.  
varabs Photoelectric absorption with variable abundances.    
vbremss Thermal bremsstrahlung spectrum with variable H/He.   
vequil As equil but with variable abundances.   
vgnei As gnei but with variable abundances.   
vmcflow Cooling flow model based on vmekal.   
vmeka M-G-K thermal plasma with variable abundances.   
vmekal M-K-L thermal plasma with variable abundances.   
vnei As nei but with variable abundances.   
vnpshock As npshock but with variable abundances.   
vphabs Photoelectric absorption with variable abundances.    
vpshock As pshock but with variable abundances.   
vraymond Raymond-Smith thermal plasma with variable abundances.   
vsedov As sedov but with variable abundances.   
wabs Photoelectric absorption (Morrison & McCammon).    
wndabs Photoelectric absorption with low energy window.   
xion The reflected spectrum from a photo-ionized accretion disk. 
zbbody Redshifted blackbody.       
zbremss Redshifted thermal bremsstrahlung.      
zedge Redshifted absorption edge.      
zgauss Redshifted gaussian.       
zhighect Redshifted high energy cut-off.     

absori Ionized absorber.       
ascac ASCA PSF mixing model.     
apec APEC thermal plasma model.     
atable Additive table model.      
bbody Blackbody spectrum.       
bbodyrad Blackbody spectrum with norm proportional to surface area. 
bexrav E-folded broken power-law reflected from neutral matter  
bexriv E-folded broken power-law reflected from ionized matter  
bknpower Broken powerlaw.       
bmc Comptonization by relativistically moving matter.    
bremss Thermal bremsstrahlung.       
c6mekl 6th-order Chebyshev polynomial DEM using mekal.   
c6pmekl Exponential of 6th-order Chebyshev polyn. DEM using mekal. 
c6pvmkl Variable abundance version of c6pmekl    
c6vmekl Variable abundance version of c6mekl    
cabs Compton scattering (non-relativistic)      
cemekl Multi-temperature mekal.       
cevmkl Multi-temperature vmeka.       
cflow Cooling flow model.      
compbb Comptonized blackbody spectrum after Nishimura et al. 1986 
compls Comptonization spectrum after Lamb and Sanford 1979  
compst Comptonization spectrum after Sunyaev and Titarchuk 1980  
comptt Comptonization spectrum after Titarchuk 1994    
constant Energy-independent multiplicative factor.      
cutoffpl Powerlaw with high energy exponential rolloff.   
cyclabs Cyclotron absorption line.      
disk Disk model.       
diskbb Multiple blackbody disk model.     
diskline Line emission from relativistic accretion disk.   
diskm Disk model with gas pressure viscosity.   
disko Modified blackbody disk model.     
diskpn Accretion disk around a black hole.   
dust Dust scattering out of the beam.   
edge Absorption edge.       
equil Equilibrium ionization collisional plasma model from Borkowski.  
etable Table model for exponential of -1 times the input.
expabs Low-energy exponential rolloff.      
expfac Exponential factor.       
gaussian Simple gaussian line profile.     
gnei Generalized single ionization NEI plasma model.   
grad GR accretion disk around a black hole.  
grbm Gamma-ray burst model.      
gsmooth Gaussian smoothing with an energy dependent sigma.  
highecut High energy cutoff.      
hrefl Simple reflection model good up to 15 keV. 
laor Line from accretion disk around a black hole. 
lorentz Lorentzian line profile.      
lsmooth Lorentzian smoothing with an energy dependent sigma.  
meka Mewe-Gronenschild-Kaastra thermal plasma (1992).     
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Tools for Data AnalysisTools for Data Analysis

• Analysis Environments
ROOT by CERN, for HE Physics
PAW predecessor of ROOT
IDL by RSI.com, with AstroLib

• Libraries
NAG Numerical Algorithm Group, UK
“Numerical Recipes” Routines
CERNLIB Analysis tools for ROOT, PAW
FTOOLS by HEASARC/NASA, with many

High-Level Tools (XSPEC, etc)
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Literature for Data Analysis MethodsLiterature for Data Analysis Methods
• Bevington, P. R., Data Reduction and Error Analysis for the Physical Sciences. 

(McGraw-Hill) , 1969
• Eadie, W.T., Drijard, D., James, F.E., Roos, M., and Sadoulet, B.: Statistical 

Methods in Experimental Physics (New York: North-Holland) , 1971
• S.F. Gull and J. Skilling: "Maximum entropy method in image processing", IEEE

Proc. 131 F 646 (1984)
• E. T. Jaynes: “Probability Theory: The Logic of Science”, Cambr.Univ.Press 1995
• Lampton, M., Margon, B. and Bowyer, S., ApJ 208, 177, 1976.
• Tom Loredo: The Promise of Bayesian Inference for Astrophysics, in: Statistical 

Challenges in Modern Astronomy, ed. E.D. Feigelson and G.J. Babu (New York: 
Springer-Verlag) pp. 275--297 (1992) 

• W.H. Press, S.A. Teukolsky, W.T. Vetterling, B.P. Flannery: Numerical Recipes, 
Cambr. Univ. Press (1986)

• D.S. Sivia: "Data Analysis - A Bayesian Tutorial", Clarendon Press, Oxford, 1996
• van Dyk, D. A., Connors, A., Kashyap, V. L., & Siemiginowska, A., ApJ 548, 224

(2001)
• Wheaton, W. A., et al., ApJ 438, 322, 1995



Roland Diehl<HE-Astro_TUM_SS2003>

Scientific Research: Scientific Research: 
Accessing Literature and External DatabasesAccessing Literature and External Databases

• Classical Approach
Institute Library

Keyword Searches
Textbooks, Review Books and Articles, Conference Proceedings

Contacts to Scientists of other Experiments
Obtain Data and/or Result Copies

Analysis Tool Development
Develop Software
Link other Available Software Libraries

• Current Approach
Internet Resources, On-Line Access to:

Journals and Publication Catalogues
Experiment Info, Data, and Results
Data Archives
Software and Analysis Tools 
Web Browsers and Search Engines
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Access a JournalAccess a Journal
--> Links to Current and Past Literature> Links to Current and Past Literature
--> Search Engines> Search Engines

(need subscription, e.g. from library)(need subscription, e.g. from library)
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http://AnnualReviews.org



Roland Diehl<HE-Astro_TUM_SS2003>

http://www.google.de
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http://www.google.de/images/
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http://cadcwww.hia.nrc.ca/meetings/
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http://adsabs.havard.edu/abstract_service.html
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http://babbage.sissa.it/find/astro-ph
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http://xxx.uni-augsburg.de/list/astro-ph/current
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Search for a topic
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Access an Astrophysics Organization
-> Links to Literature and Resources

http://www.aas.org/
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http://skyview.gsfc.nasa.gov
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http://skyview.gsfc.nasa.gov/cgi-bin/skvadvanced.pl
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http://aladin.u-strasbg.fr/
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http://nvo.gsfc.nasa.gov/mw/mmw_images.html
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http://ned.ipac.caltech.edu
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http://cdsweb.u-strasbg.fr
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http://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat-survey
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http://www.xray.mpe.mpg.de/cgi-bin/rosat/seq-browser
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http://heasarc.gsfc.nasa.gov/Tools/
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http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

Writing an Observing Proposal:Writing an Observing Proposal:
-->>
Access an Observation SimulatorAccess an Observation Simulator
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http://archive.stsci.edu/
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http://arch-http.hq.eso.org/
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http://adc.gsfc.nasa.gov/
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http://archive.stsci.edu/sdss
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Current News: IAU Circulars



Roland Diehl<HE-Astro_TUM_SS2003>

Topical Links and Resources
By Engaged Individuals
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