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Lecture OverviewLecture Overview

• Theme and Sub-Topics:
Astrophysical Processes and High-Energy Astronomy

Astronomy with Photons and Particles
Particle and Photon Production Processes
The Domain of High-Energy Radiation

Instrumentation for High-Energy Astronomy
Cosmic Ray Detectors
Ground-Based Telescopes for High-Energy Photons
Gamma-Ray Telescopes
X-Ray Telescopes and Spectrometers

Sources and Astrophysics at High Energies
Accreting Compact Stars & Objects
Exploding Stars (Novae, Supernovae)
High-Energy Interactions (Cosmic Rays, Jets)
Hot Plasma in Stellar Coronae, ISM Cavities, Galaxy Clusters
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AstronomyAstronomy
• Measurement of Electromagnetic Radiation

Energy Output of Source Objects (per ν Band)
Characteristic Source Processes
Understanding the Object

– Point Source / Extended Object
– Thermal / Non-Thermal Radiation
– Equilibrium or Transient
– Source of Radiation, the Physical Process(es)
– Object’s Physical Parameters, Radiation Source Environment

Understanding Cosmic Evolution
– Object Population
– Characteristic Epochs and Duration of Radiating Phases 
– Cycling of Matter

Absorption, Distortion, and Occultation of Radiation
– Interstellar Gas & Dust
– Cosmic Photon Fields / Inverse-Compton

Biases 
– Radiating and Dark Phases
– Instrument Sensitivities & Resolutions

• Measurement of Cosmic-Ray Particles
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Cosmic RaysCosmic Rays

• The Discovery of Cosmic Rays ~1913 (Hess, Kohlhörster; 
Balloons up to 9 km) Initiates “High-Energy Astrophysics”
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Electromagnetic RadiationElectromagnetic Radiation

• Optical Astronomy
• “New Astronomies” 1930+

Radio Astronomy >1930
UV & X-Ray Astronomy > 1970 (IUE, Uhuru)
Gamma-Ray Astronomy >1970 (OSOIII,SASII)
Infrared Astronomy >1980 (IRAS)

• High-Energy Astronomy: > 100 keV … TeV 
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Electromagnetic Radiation: Dynamic RangeElectromagnetic Radiation: Dynamic Range
Wave/Particle Dualism

LE: Interference, Diffraction
HE: “Knock-On” Processes
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Spectral Windows to Cosmic Radiation SourcesSpectral Windows to Cosmic Radiation Sources

• Thermal (Blackbody) Radiation
Optical: Stars T~10.000K
Infrared: Dust T~30K
Radio: Gas T~10K
X-Rays: Hot Plasma T~1.000.000K

• Non-Thermal Radiation
Radio
X and Gamma-Rays
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Spectral Characteristics of Cosmic SourcesSpectral Characteristics of Cosmic Sources

• Type of Radiating Source
Equilibrium Radiation?

Thermalized Photosphere
LTE, 
Multi-Temperature Plasma
Nonthermal Processes

Unique Photosphere?
Optically Thick
Optically Thin
Superimposed 
Absorption / Emission
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Cosmic ObjectsCosmic Objects

• Galaxies
• Stars
• Interstellar 

Gas
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Blackbody RadiationBlackbody Radiation
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TypicalTypical--Source Energy SpectraSource Energy Spectra

• Thermal Components
Stellar Surfaces
Accretion Disks
Plasma Bubbles

• Non-Thermal Components
Accelerated Particles

Synchrotron Radiation
Bremsstrahlung
…

Supernova Remnants

Accreting Black Holes

Active Galactic Nuclei
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The Energy Spectrum of Diffuse Cosmic RadiationThe Energy Spectrum of Diffuse Cosmic Radiation

MWBMWB

IRBIRB

XRBXRB

Big BangBig Bang

Stars/AGN?Stars/AGN?

AGNAGN

Radio             IR  visual                 X-ray             Gamma
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Observational WindowsObservational Windows
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• Need a Combination of Ground-Based and Satellite Observations
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Transparency of the UniverseTransparency of the Universe

• Interaction of Photons
Absorption (Dust, Gas)

Structure from
– Dust Particles, Molecules
– Atomic-Shell Electrons

Scattering
Inelastic:

– Comptonization
– Inverse-Compton Boosting

Morrison & MacCammon ApJ 1983
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Astronomical InstrumentsAstronomical Instruments

• Optical Telescopes
• Radio Telescopes
• Infrared Detector Systems
• UV Telescopes
• X-Ray Telescopes
• Gamma-Ray Detectors
• Cosmic-Ray Detectors
• Neutrino Telescopes
• Gravity Wave Detectors
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Astronomical Instruments: GroundAstronomical Instruments: Ground--BasedBased

NTT

Effelsberg
Arecibo

VLT
HEGRA
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Astronomical Instruments: HE Space MissionsAstronomical Instruments: HE Space Missions

ROSAT

CGRO

INTEGRAL SWIFT
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SatelliteSatellite OrbitsOrbits

High-Earth Orbit (HEO): above radiation belts
Low-Earth Orbit (LEO): below radiation belts
Geostationary Orbit (GEO): partly inside radiation belts
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Van Allen Van Allen RadiationRadiation BeltsBelts

• Charged Particles are Trapped by Earth’s Magnetic Field
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Astronomical Instruments: XAstronomical Instruments: X--RaysRays
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Astronomical Instruments: GammaAstronomical Instruments: Gamma--RaysRays
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Astronomical Instruments: HighAstronomical Instruments: High--Energy Energy 
GammaGamma--Rays & Cosmic RaysRays & Cosmic Rays

Stardust

HEGRA
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Cosmic Objects…Cosmic Objects…

• Stars
Normal Stars
Flaring and Variable Stars
Compact Stars (WD, NS, BH)
Accreting Binaries
“Exploding” Stars (SN,N; GRB?)

• Interstellar Medium
Molecular Clouds, Neutral ISM
Ionized Regions
Supernova Remnants

• Galaxies
Normal Galaxies
Active Galaxies (Quasars, Blazars,…)

• Large-Scale Structure of Universe
Galaxy Clusters
Cosmic Microwave Background
Dark Matter
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Stellar Objects: Types and EvolutionStellar Objects: Types and Evolution
• Luminosity <−> Surface Temperature (log-log)
• Regions of Stellar States:

Main Sequence  H Burning Core
Giants H-Exhausted Core
White Dwarfs Remnant Core

• Evolution Times: 105… 1010y
• High-Energy Radiation: 

Coronae, Flares, Binary Interactions
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HighHigh--Energy Astrophysics TopicsEnergy Astrophysics Topics
Relativistic Plasmas

– Stellar Coronae / Accretion onto Compact Objects / Interstellar Cavities 
and SNR, Intergalactic Medium / Relativistic Jets, GRB (-> Acceleration, 
Deceleration)

Active Galactic Nuclei
– AGN, Seyfert Galaxies, Blazars, …

Starbursts / Supermassive Black-Holes / Jet Physics
Compact Stars

– White Dwarfs, Neutron Stars, Black Holes
Equation of State, Density, Size; Rotation, Magnetic Fields; Binary 
Interactions
Accretion / Matter Transfer Processes

Nucleosynthesis
– Stars / Novae, Supernovae / Interstellar Space, Spallation / 

Compact-Star Regions, X-Ray Bursts, GRB
Cosmic Chemical Evolution / Nuclear Reactions Regimes

Cosmic Radiation
Sources, Acceleration Processes
Transport in Interstellar (and intergalactic) Space
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Hot PlasmaHot Plasma

• T >> 6000K
Matter Ionized: Ions and Electrons
Processes:

– Coulomb Scatterings
– Bremsstrahlung / Free-Free Radiation
– Recombinations / Ionizations
– Comptonization / Compton Scattering

Thermal and Non-Thermal Particle Populations 
(->Radiation Components)

ROSAT AAT

Chandra
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Accretion onto Compact ObjectsAccretion onto Compact Objects
Angular Momentum of 
Matter Flow from Companion 
-> Accretion Disk
Accretion Flow Dynamics 
-> Luminosity / Spectral 
“States”, Instabilities
Radiation Sources:

– Accretion Disk
– Corona
– Compact-Star Surface

Scattering, Absorption
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Plasma Jets from Accreting Compact StarsPlasma Jets from Accreting Compact Stars

• “Micro-Quasars” from Jets 
of Accreting Stellar-Mass 
Sized Compact Objects

• X-Ray and Radio/γ Emission 
from Hot Plasma & 
Relativistic Particles

• “Superluminal” Plasma Blobs 
Traced in Radio Emission
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Acceleration of ParticlesAcceleration of Particles

• Accelerating Environments
Electrostatic Fields

Pulsars
Magnetic Fields

Near Compact Stars  -> … ~1013G
In Stellar Environments & SNae -> … ~ G
Galactic and Intergalactic Space -> … ~µG
Turbulent Magnetic Fields in Shocked Gas

– Jets (AGN, … , GRB?)
– SNR

• Processes
Fermi II

Scattering on “Magnetic Mirrors”, 
e.g., Insterstellar Clouds at Random Motion

Fermi I
Scattering on Magnetic-Field Turbulences 
on Both Sides of Shocked-Gas Region
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Solar Flares: Laboratories for Particle AccelerationSolar Flares: Laboratories for Particle Acceleration

• Particle Acceleration from Magnetic-Field Reconfigurations
• Interactions of Energetic Parcticles with Solar Matter
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Accretion and Accelerated Plasma Jets: QuasarsAccretion and Accelerated Plasma Jets: Quasars

Supermassive Black Hole 
Accretion

Large-Scale Accretion 
Flows
Accretion Luminosity 
Interaction with 
Surrounding (Structured) 
Interstellar Matter
Large-Scale Plasma Jet

Cygnus A

200 kpc
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Active Galactic Nuclei Radiation PhenomenaActive Galactic Nuclei Radiation Phenomena

• AGN: Central Region Outshines Galactic Starlight by 
Orders of Magnitude

• Seyfert Galaxies:= active galactic nucleus seen from the 
side / through absorbing matter

• Blazar:= active galactic nucleus where we view almost along 
the axis of one of the jets 
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HighHigh--Energy Interactions of Cosmic MatterEnergy Interactions of Cosmic Matter

• Relativistic Particles Interact with:
Electromagnetic Fields

Curvature Radiation
Synchrotron Radiation
Bremsstrahlung
Pair Creation

Particles, Atoms
Nuclear Excitation
Spallation
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Nucleosynthesis: Understanding AbundancesNucleosynthesis: Understanding Abundances
Observed Abundances Show Characteristic Patterns

Abundances Vary Much for Light Elements uf to ~ Fe-Group,
are ~Similar Order of Magnitude for Elements >65
H and He are by far the Most Abundant Elements
Li, Be, B Fall in a Deep Minimum (9 Orders of Magnitude)
Elements C....Ca Show Exponentially-Declining Abundances
There is a Abundance Clear Peak Around Fe
There are Two Local Peaks Around Ba and Pb

Nuclear Processes / Reactions “Connect” Neighbouring 
Isotopes (Reactions −> n, p, or α capture or stripping)

=>
Big-Bang Nucleosynthesis 
Formed H and He
Nuclear Equilibrium Burning 
Formed Fe Elements
An “α-Process” Plays a Leading 
Role for Elements C...Ca
Elements Heavier Than Fe 
Formed from Fe Elements

Standard Abundances
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SupernovaeSupernovae

• Explosion of a Star
• Nuclear Energy 

Release
Radioactive By-
Products of Explosive 
Nucleosynthesis
Progressive 
Transparency of 
Exploding Star

Thermonuclear 
Supernovae (Type Ia)
Gravitational Collapse
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Supernovae and Supernova RemnantsSupernovae and Supernova Remnants
Cas A / XMM

Cas A 44Ti (τ~89y) 
/ COMPTEL

• Prompt SN Light from Radioactivity
• SN Debris Reflects Nucleosynthesis (and Collapsing-Star Structure)
• Interaction of Blast Wave with ISM Results in Shocked Gas & 

Recombination Radiation
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Cosmic Nucleosynthesis EnvironmentsCosmic Nucleosynthesis Environments

Nuclear Burning Requirements:
• Enuclear-burning=<σv>*Q ≥ Local Cooling Rate
=>
Dense & Hot Environments

for a Stellar Mass Range of 1-30 Mo:

• Nuclear Burning in Stellar Cores and Shells (top) 
• Nuclear Burning in Explosive Sites (bottom) 
• Gamov Windows (righthand side)



Roland Diehl<HE-Astro_TUM_SS2003>

GammaGamma--Ray BurstsRay Bursts
promptprompt afterglowafterglow
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The Cosmic Cycling of MatterThe Cosmic Cycling of Matter
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star formation (~3%)
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