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Lecture Overview

* Theme and Sub-Topics:

“c Astrophysical Processes and High-Energy Astronomy
“” Astronomy with Photons and Particles
““"Particle and Photon Production Processes
“"The Domain of High-Energy Radiation

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

* Measurement of Electromagnetic Radiation

““"Energy Output of Source Objects (per v 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 Rays
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* The Discovery of Cosmic Rays ~1913 (Hess, Kohlhérster;
Balloons up to 9 km) Initiates “"High-Energy Astrophysics”
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Electromagnetic Radiation

Gamma-ray X-ray VWisible

E‘I—I_l_i_l*"‘— s
Energy -or- Temperature Scale

* Optical Astronomy

* "New Astronomies” 1930+ NW“ \\Jh\, \L/‘f_‘\

Hgh Frequency Low Frequency

@DRadio ASTI"ONOH’\Y >193O Short Yewelength Long ¥Yeavelength
“"UV & X-Ray Astronomy > 1970 (IUE, Uhuru)

“"Gamma-Ray Astronomy >1970 (OSOIII,éSASII)

“"Infrared Astronomy >1980 (IRAS)

* High-Energy Astronomy: > 100 keV .. TeV
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Electromagnetic Radiation: Dynamic Range
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Spectral Windows to Cosmic Radiation Sources
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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 6amma-Rays
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Spectral 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 Objects
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Blackbody Radiation
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Typical-Source Energy Spectra

* Thermal Components
" Stellar Surfaces
=~ Accretion Disks
““"Plasma Bubbles

* Non-Thermal Components

'« Accelerated Particles
" Synchrotron Radiation
““"Bremsstrahlung

Accreting Black Holes

Cygnus X-1

Active Galactic Nuclei ]

15 20
Log w(Hz)
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The Energy Spectrum of Diffuse Cosmic Radiation
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Observational Windows

Optical Light
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* Need a Combination of Ground-Based and Satellite Observations
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Transparency of the Universe
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Astronomical 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: Ground-Based
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Astronomical Instruments: HE Space Missions

g,
L 1
i Y.
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Satellite Orbits

>

Solar wind

- —>

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 Radiation Belts

MIERCR FOINT

MAGNETIC
FIELD LIME ™

* Charged Particles are Trapped by Earth's Magnetic Field
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Astronomical Instruments: X-Rays

Paraboloid

H loid
surfaces yperboloi

surfaces

e Focal
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Astronomical Instruments: Gamma-Rays

Oriented Scintillation Spectrometer
Experiment (OSSE)

Reduced
Event Circle

Y-photon Y-photon
-> Compton scatier h -> Pair productiq

Tracker

Instrument overall height: 1.3 m

QUL oo

Anticoincidence Shield

Instrument overall width: 1.2 m
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Astronomical Instruments: High-Energy
Gamma-Rays & Cosmic Rays

Energetic Gamma Ray Experiment
Telescope (EGRET)
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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
e~ Active Galaxies (Quasars, Blazars,..)

Large-Scale Structure of Universe

““"Galaxy Clusters
¥"Cosmic Microwave Background

“"Dark Matter
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Stellar Objects: Types and Evolution

*  Luminosity <—> Surface Temperature (log-log) oqt

* Regions of Stellar States:

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

*  Evolution Times: 105.. 1010y

* High-Energy Radiation:

X Coronae, Flares, Binary Interactions
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High-Energy 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
F"Sources, Acceleration Processes
“"Transport in Interstellar (and intergalactic) Space
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Hot Plasma

* T >> 6000K

“~ Matter Ionized: Ions and Electrons

““"Processes:
Coulomb Scatterings
Bremsstrahlung / Free-Free Radiation

- Recombinations / Tonizations g
- Comptonization / Compton Scattering 3
21
“"Thermal and Non-Thermal Particle Populations &
(- >Radiation Components) =
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Accretion onto Compact Objects

Angular' Momentum of By sysiem -
Matter Flow from Companion
-> Accretion Disk

Accretion Flow Dynamics | .
-> Luminosity / Spectral
“States”, Instabilities

Radiation Sources:
- Accretion Disk
- Corona
- Compact-Star Surface

“¥"Scattering, Absorption

1 Accretion disk

Companion star

Typical BHG Specira
T T
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(Cyg X-1: Wilms et al., 1996, ; GRO J0422+32,
GS2000+25; Sunyaev et al., 1993, Kroeger [priv. comm.])
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Plasma Jets from Accreting Compact

*  "Micro-Quasars” from Jets
of Accreting Stellar-Mass
Sized Compact Objects

* X-Ray and Radio/y Emission
from Hot Plasma &
Relativistic Particles

*  "“Superluminal” Plasma Blobs
Traced in Radio Emission
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Acceleration of Particles

* Accelerating Environments

7 Electrostatic Fields
& Pulsars

“ Magnetic Fields
“"Near Compact Stars -> .. ~10136
“"In Stellar Environments & SNae -> .. ~ 6
““"Galactic and Intergalactic Space -> .. ~uG

“"Turbulent Magnetic Fields in Shocked Gas
- Jets (AGN, .. , 6RB?)
- SNR

* Processes

“ Fermi II

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

7« Fermi I

“"Scattering on Magnetic-Field Turbulences
on Both Sides of Shocked-Gas Region
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Solar Flares: Laboratories for Particle Acceleration
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* Particle Acceleration from Magnetic-Field Reconfigurations
* Interactions of Energetic Parcticles with Solar Matter
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Accretion and Accelerated Plasma Jets: Quasars

Supermassive Black Hole IR EOCEELIEECy
Accretion |

““"Large-Scale Accretion
Flows

¥~ Accretion Luminosity
Interaction with
Surrounding (Structured)
Interstellar Matter

Jet

Radiation

 Large-Scale Plasma Jet r ‘3
Accretion Disk L

Line Emitting Cloud
/

Massive
Black Hole
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Active Galactic Nuclei Radiation Phenomena

A MODEL FOR THE INNER JET

SOFT X-FAY KD;E IR FlAIIZ.JID '
7-RAY Y-FAY + K-RAY

§ 48 | : T{‘FH{EN T‘fl :fﬁkw; ]
*  AGN: Central Region Outshines Galactic Starlight by E,, : :’I%’;?*JQ’E,#’ : i
Orders of Magnitude S -I{’.'E*i k3 oy i i
* Seyfert Galaxies:= active galactic nucleus seen from the [ L0 |30
side / through absorbing matter B i
* Blazar:= active galactic nucleus where we view almost along e
the axis of one of the jets Log (Hz)
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High-Energy Interactions of Cosmic Matter
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Nucleosynthesis: 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

7’ Nuclear Processes / Reactions “"Connect” Neighbouring
Isotopes (Reactions —> n, p, or o capture or stripping)

=2 Standard Abundances
“"Big-Bang Nucleosynthesis 12 —
Formed H and He . o
““"Nuclear Equilibrium Burning glo / “\ pe group cements
Formed Fe Elements S EE TR AT
" An “o-Process” Plays a Leading & o :i*"iif S
Role for Elements C...Ca i T /)
# Elements Heavier Than Fe b A _ \ .
Formed from Fe Elements i i B
0 ‘ ‘ RN TR
(o] 20 40 60 80 100

Element (Z)
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Supernovae

* 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 Remnants
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Fig. 2. An example of a spectral fit within a single 20" x 20"
pixel — cool component in blue, hot component in green and
full model in red.

Cas A COMPTEL Plhase |-5

= 200
g
Log10{abundance wrt solar) _:g 1
3
Fig. 5. Abundance maps for the elements included in the spec- 0
tral fitting. All are plotted on the logarithmic scale indicated
by the bar at the bottom. 100

B0 1000} 1200 1400 1600 1500
Energy (keV)

*  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 Environments

Nuclear Burning Requirements:
=<ov>*Q > Local Cooling Rate

* E

=>

nuclear-burning

Dense & Hot Environments

for a Stellar Mass Range of 1-30 M ;

*  Nuclear Burning in Stellar Cores and Shells (top)
*  Nuclear Burning in Explosive Sites (bottom)
*  Gamov Windows (righthand side)
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2704 BATSE Gamma-Ray Bursts
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The Cosmic Cycling of Matter

M~10*-5 M,

. star formation (~3%)

condensation

interstellar 10 y
medium

SN explosion

... galaxy
= collisions...
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