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Circulation of MatterCirculation of Matter
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Cosmic Matter CyclingCosmic Matter Cycling

• Stages, Sub-Topics:
Interstellar Gas, forming Stars

ISM Phases, Cloud Condensation
Protostellar Collapse, Protostars

Stars
Mass Function(s)
Stellar Evolution, Lifetimes
Mass Loss: Winds, Binaries, Novae, Supernovae

Remnants
Supernova Remnants
ISM Bubbles and Superbubbles, Mixing
Compact Remnants

Chemical Evolution
Galactic Gas and Stars
Chemical Elements
Cosmic Star Formation
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The Interstellar MediumThe Interstellar Medium

• Masses
Galaxy/ISM/ISM gas: 
1 1012 M / 1.4 1011 M / 4 109 M

• Components
Diffuse ISM

Hot Gas (T> 106K; plasma)
Warm Ionized Gas (T~ 104K; e-,ions)
Cold Gas (T~10-100K; neutral)
Dust
Cosmic Rays

Clouds & Prominent Regions
Diffuse Clouds
Molecular Clouds

– Giant Molecular Clouds (GMC)
– Dark Clouds

HII Regions
SNR, Superbubbles
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Views of the ISMViews of the ISM

Hα Emission: ionized gas  (WHAM)408 MHz Radio Synchrotron Emission: electrons

21cm H Emission: neutral Hydrogen (Leiden/Dwingeloo) Radio Emission: dust(b), electrons (r-sync,g-ff) (WMAP)

Starlight  (COBE 3µm, optical)

• Disk-like plus Patchy Localized Structures & Filaments (z~500pc)
• HI:



Roland Diehl<HE-Astro_TUM_SS2003>

Views of Clouds of the ISMViews of Clouds of the ISM

• Molecular Clouds are Confined to a Narrow Disk (z~50pc)
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HII Regions, Ionized GasHII Regions, Ionized Gas
• Ionizing HE Part of Starlight Creates “Strömgren Sphere”

• Radiation ~ “Emission Measure” EM
Free-Free Emission
Recombination Radiation (e.g.Hα Emission)

WHAM SHASSA
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HII Regions: Heating and CoolingHII Regions: Heating and Cooling

• Temperature Dependency of Heating and Cooling Processes
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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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Supernovae and Supernova RemnantsSupernovae and Supernova Remnants

• 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
• SNR Radiation Dominated by CSM,ISM Interactions (Mswept-up>Mejecta)

Cas A / XMM

Cas A 44Ti (τ~89y) 
/ COMPTEL
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Local ISM MorphologyLocal ISM Morphology

• Massive Stars Shape ISM, Low-Mass Stars are Embedded
OB Associations
Swept-Up Shells, Cooling Cavities



Roland Diehl<HE-Astro_TUM_SS2003>

The Local BubbleThe Local Bubble

• Size and Density Inferred from Na Absorption in Spectra of Nearby Stars (Sfeir et al. 
1999) and Soft X-ray Shadowing from Nearby Clouds (Snowdon et al. 1998); 
r~100 pc, n~5 10-3 cm-3, T~106K

• Origin Attributed to Sco-Cen Association Supernovae (Maiz-Apellaniz 2001) or Pleiades 
Supernovae (Berghöfer & Breitschwerdt 2002)
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Galaxy Disk & Halo: HighGalaxy Disk & Halo: High--Velocity CloudsVelocity Clouds

• Neutral-Gas Clouds 
with Large 
Latitudinal Velocities

Define: HVC = > 
90 km s-1 (LSR)
Typical M~105 M , 
-> Ekin~1052 erg

Wakker & 
vanWoerden, 1997

Application:
• Gould Belt System 

of OB Associations:
From Impact of 
HVC?

Oscillation around 
Disk Gravitational 
Well
Triggered Star 
Formation
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ISM MorphologyISM Morphology

• Pressure Equilibrium among Phases
• Energy Flow:

Injection by Winds, SNae, 
Radiation
Dissipation by Cooling

Ostriker & Mc Kee (1977; …) 

• Small-Scale Structure:
Ionization, CR/Radiative/ 
Turbulence Heating, and Cooling 
Processes
Cavities, Shells, Filaments

• Large-Scale Structure
Turbulence, Magnetic Field 
Interactions, Density Waves
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Constituents of the ISMConstituents of the ISM

• ISM Fraction of Total Galactic Mass: ~15% 
(typical for spiral galaxies)
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Forming Stars…Forming Stars…

• … is not easy
Angular Momentum Must Be 
Dissipated
Density of Nuclear-Burning 
Must Be Reached

Fragmentation
Formation of Planets
Bipolar Outflows
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Stellar MassesStellar Masses

• Present-Day Mass Function = Observable
Brightness Distribution N(MV), Scale Height h

• “Initial Mass Function”
Use Stellar Lifetimes τ, Star Formation Rate φ, Age of Galaxy T

Normalize
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Cosmic Rays: Accelerated ISM ParticlesCosmic Rays: Accelerated ISM 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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Dust: Condensed ISM GasDust: Condensed ISM Gas

• Condensation 
Temperatures 
Determine Dust 
Composition

• Macro-Particles 
Determine Absorption
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ISM and HighISM and High--Energy RadiationEnergy Radiation

• Cosmic-Ray Interactions with ISM Gas
Gamma-Ray Emission 
(Bremsstrahlung, Pion Decay, IC; Nuclear De-Excitation)
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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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Massive StarsMassive Stars
Stars  Stars  := G:= Gravitationallyravitationally CConfined onfined 

TThermonuclear hermonuclear RReactorseactors::

Nuclear Burning of a Species 
(H, He, …Si)
Gravitational Contraction 
when Fuel Exhausted
…
Degeneracy Pressure 
Counteracts Contraction -> 
White Dwarf

For a star > 8 M :
Contraction & Heating
Continue until Fe Core 
is Made, …-> Core collapse
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Nuclear Burning Stages in StarsNuclear Burning Stages in Stars
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Stellar Evolution TracksStellar Evolution Tracks

• Main Sequence Evolution
H Core Burning
H Shell Burning
Red Giant Phase 
He Core Burning
AGB/Planetary Nebula



Roland Diehl<HE-Astro_TUM_SS2003>

Stellar EvolutionStellar Evolution

• Evolutionary Time Scale Determined by
Total Mass
Metal Content

Massive-Star Lifetimes ~My
Low-Mass Star Lifetimes ~Gy



Roland Diehl<HE-Astro_TUM_SS2003>

Stellar Structure and Evolution in DetailStellar Structure and Evolution in Detail

15 M

25 M

The advanced burning stages
are characterized by multiple
phases of core and shell burning.
The nature and number of such
phases varies with the mass
of the star.

Each shell burning episode
affects the distribution of 
entropy inside the helium 
core and the final state
of the star (e.g., iron core
mass) can be non-monotonic
and, to some extent, chaotic.

Neutrino losses are higher
and the central carbon abundance
lower in stars of higher mass.
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Nucleosynthesis Ejecta from Massive StarsNucleosynthesis Ejecta from Massive Stars
• Winds and SN Eject 

Products from Pre-SN and 
Explosive Nucleosynthesis 

• Comparison to Standard 
Abundances 

“Production Factors”: 1.= SA

• Dependancies:
Stellar Model (e.g. Convection, 
Rotation)
Explosion Model (Piston, Bomb, 
Jets,…)
Nuclear Rates (e.g. 12C 
(α,γ)16O

e.g.:Rauscher, Heger, Woosley, Hoffman 
(2001, 2002,..)
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Stellar Classification and Radiation OriginStellar Classification and Radiation Origin
• Spectral Classification Encodes Temperature
• Plasma Radiation Mechanism Depends on Temperature

Molecules and Dust
Neutral Atoms
Ionized Atoms
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Stellar Mass Loss: WindsStellar Mass Loss: Winds

• Radiation Pressure Exceeds Gravity

• Wind Characteristics of Stars
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Stellar Mass LossStellar Mass Loss

• Approximations of Mass Loss Rates:
Core-H-Burning Phase

log (-dM/dt) = 1.67 log (L) - 1.55 log (Teff) - 8.29  (only < LBV Phase)

RSG Phase
log (-dM/dt) = 0.8 log (L) - 8.7

WR Phase
log (-dM/dt) = log (L) - 10

• Dependencies
Metallicity Dependence

dM/dt ~ Zξ with  0.5 < ξ < 1
Stellar-Mass Dependence (T)
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MassMass--Losing Stars: Planetary NebulaeLosing Stars: Planetary Nebulae
Ionization of CSM for Tstar> 25000K
Recombination Radiation -> Colorful Emission

Dominated by OIII forbidden lines (E2; 495.9 and 500.7 nm)

PN Characteristics
Density ~x 10-3 cm-3

(from forbidden lines)

Radii ~0.3 pc
vexp~20-30 km s-1

Lifetime ~104 y 
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MassMass--Losing Stars: WR Stars, LBV’sLosing Stars: WR Stars, LBV’s

• Wolf Rayet Stars:
Strong Mass Loss Reveals Inner 
Structure

He, C, N, O -> W-Subcategories
Dense and Strong Wind

Mass Loss ~10-4 Mo y-1 over >105y -> 
many Mo
Wind Velocities ~100…1000 km s-1

Optically-Thick Winds (-> Photosphere 
in Wind; Broad Emission-Line 
Spectrum)
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Binary Stars: Mass Transfer and EvolutionBinary Stars: Mass Transfer and Evolution

• Multiplicity
~50% of Stars in Binaries

• Evolution
For Large Separation:
~like Single Stars
Close Binaries:
Mutual Interactions Affect Evolution

Tidal Forces
Mass Transfer
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Binary System EvolutionBinary System Evolution

• Characteristics
Mass of Components

High-Mass Binaries
Low-Mass Binaries

Orbits and Mass Transfer
Interacting / Quiet Phases for 
Elliptical Binaries (e.g. WR140)

– Wind Interactions, CR & Dust 
Formation

Accreting Binaries
– Accretion Rate / Disk 

Instabilities: Cataclysmic 
Variables , QPO’s

– Transient Events from Accreted 
Layer: Novae, Type I X-ray 
Bursts, Thermonuclear 
Supernovae

Metal-Enriched Envelope
– Unusual Radiation 

Characteristics and Wind Phases
– Evolution Unlike Single Star
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Binary Evolution: Loss of Angular MomentumBinary Evolution: Loss of Angular Momentum

• Binary System 
Shrinking from

Magnetic & Tidal 
Torques
Gravitational Waves 
Accretion Disk 
Radiation

Possibility of Merging
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Results of (Binary) Evolution: White DwarfsResults of (Binary) Evolution: White Dwarfs

• Composition and Size of WD Depend on
Companion’s Mass Transfer
Stellar Mass and Metallicity

• WD Mass Spectrum
Peak at ~0.5-0.6 M
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MassiveMassive--Star BinariesStar Binaries
OB + OB star

RL Mass 
Transfer

He star +
rejuvenated
O star

Supernova

Neutron Star
Remnant +
O Star
(X-ray Binary)

Interacting
Binary ->
Common
Envelope

WR Binary
Thorne-Zytkov
Object

Supernova

• Binary Evolution:
Mass Transfer Between 
Close O/B Stars
Formation of 
Rejuvenated O Star 
and He Star
Supernova of He Star
Formation of NS Binary
Formation of 
WR / NS Binary 
or Thorne-Zytkov Object
Supernova of WR Star

• Binary Fraction ~50%
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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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Binary
Mass Transfer

WD Giant

He Layer
WD
at 

MCh
C/O 
Layer

Supernova IaSupernova Ia
Models

Close Binary System
Models

White Dwarf 
Merge

Central
C Ignition

He Shell
Flash

SN Ia
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Neutron Star Mass Loss: Pulsar WindsNeutron Star Mass Loss: Pulsar Winds
• Rotation of Strongly-

Magnetized Star:
Open Magnetic Field Lines 
(“Light Cyclinder”)
Particle Acceleration in “Gaps”

Inner Gap
Outer Gap
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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 
Supernovae (Types 
II, Ib/c)
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Matter Recycling by SupernovaeMatter Recycling by Supernovae

• E(explosion) ~ 1051 erg (~BE(Fe-Core))
-> Ejection of Part of Star (Envelope)

• Independent of SN Brightness (~M56Ni)
• Major Mass Loss Occurs Before the SN (Mcore~ 4-6 M )
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Mixing of Galactic GasMixing of Galactic Gas

• Mixing Time Scale Driven by
Large-Scale Motion and Turbulence (Galactic Rotation,…)
Supernova Input of Localized Turbulence

“Instantaneous Recycling” is only Crude Approximation
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Cosmic Evolution: DataCosmic Evolution: Data

• Chemical Species
Metallicity
Primary versus Secondary Isotopes
Galactocentric Gradients
Galaxy Type Characteristics

• Star Formation
Supernova Rates
Dust Emission
Ionized-Gas Emission (Hα)
Blue-Light Emission

• Link: “Chemical Evolution”
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Chemical EvolutionChemical Evolution

• Basic Considerations
Gas Consumed by Star Formation, Provided by Winds 
and SN
Stellar Properties Determine Wind and SN Properties
Gas Properties Determine Star Formation Rate
Instantaneous Recycling Assumed
Extragalactic Flows (Infall, Wind Loss) Added
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Galactic Halos and Intergalactic GasGalactic Halos and Intergalactic Gas

• Galactic Winds & Fountains Eject Gas into Intergalactic 
Space

• Inefficient Cooling (hot plasma, low density), Unknown 
Heating Sources (magnetic fields, CRs, turbulence)

• Recording IGM Gravitational Potential and Chemical History

Hot IGM Gas (3C295; Chandra)
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MassiveMassive--Star / ISM Interactions and Star / ISM Interactions and γγ--RaysRays
• Massive Stars Often Form in Groups
• Massive-Star Winds and SNae 

Determine the ISM Morphology
• Massive-Stars’ Metal-Enrichment of ISM 

Produces Diffuse Radioactivities
• Evolution Time Scale 

of Stellar Groups:      ~ 10-100 Myr
• Evolution Time Scale 

of Massive Stars:         ~0.1-10 Myr
• Radioactive Decay Time

of 26Al: 1 Myr
• Cosmic-Ray 

‘Propagation Age’ ~10 Myr
• Evolution of Radiation Phenomena, 

Occultation Issues 
• γ-Ray Lines Complement Diagnostics 

of Massive-Star/ISM Interactions
ISM/Shock Interactions
Hot-Bubble Evolution
Matter Recycling
Star Formation History
ISM Morphology
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