ASTR 670: Interstellar medium and gas dynamics
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Chapter 1 ¢ Introduction: What is the ISM?
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What is the ISM?




J-P Metsavaino (amateur photography)



What are we going to study?

Interstellar gas and dust
Important processes & physics
* Energy sources
e Radiation

* Non-thermal components
(cosmic rays, magnetic fields, turbulence)

Emphasis on galactic ISM
Connection to galactic structure, star formation, feedback

Big picture & examples of important physics

(atomic physics, radiative processes, etc.)
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Books

* Most important book:
* Draine
e Other relevant books

* Lequeux
e Osterbrock & Ferland

e Rybicki & Lightman
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EM spectrum in astronomy

(a) Emission Spectra

Hot gas

(b) Absorption Spectra
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EM spectrum in astronomy
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History of ISM Science




Atmospheric windows & History of ISM science
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1656: Orion Nebula (M42)
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* Discovered by Christiaan Huygens
 Drawing by Messier

e Other nebulae were discovered soon thereafter
Images: ESO / Wikipedia



Immanuel Kant and the Island Universe

Philosopher but also interested in astronomy

Heard about the “nebulae” and postulated that they
are separate “worlds"” similar to Milky Way

Called them “lIsland Universes” (1775)

Views did not take hold becaues there was no direct
evidence yet of other galaxies




Charles Messier (1730 - 1817)

dentified many nebulae (fuzzy patches of light)
Published Messier Catalogue in 1780

ntended as aids to comet hunters to reject “uninteresting” objects

Catalog contains galaxies, star-forming clouds, star clusters...

Image: NASA / HST / Wikipedia



Charles Messier (1730 - 1817)

The Messier Catalog

By Lefty’s Astrophotography
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Globular clusters (29)
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Open clusters (26)
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Lefty’s Astrophotography
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Gas clouds (7)




Planetary nebulae (4)
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Lefty’s Astrophotography



Supernova remnant (1)

Lefty’s Astrophotography



Double star (1)

M40

Lefty’s Astrophotography



Galaxies (40)
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Modern, scientific categories
* Globular cluster (round, compact star cluster)
* Open cluster (less compact cluster of stars)
e Gas cloud (diffuse nebula) In the
e Planetary nebula (gas cloud around single star) Milky Way
* Supernova remnant (leftovers of stellar explosion)
e Double star (two stars that happen to appear close)

e Galaxy (the only objects not in MW)



ine Herschel

William & Carol

Discovered about thousands of new nebulae
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William & Caroline Herschel
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Spectroscopy: William & Lindsay Huggins

e Cannot say much more about gaseous objects without spectra
* Huggins took spectra of celestial objects (about 1860 - 1900)

* First to distinguish star-like spectra of Andromeda galaxy from
emission line spectra of clouds



Spectroscopy: William & Lindsay Huggins

XVIL Further Observations on the Spectra of some of the Nebulw, with a Mode of deter-
maning the Brightness of these Bodies. By WiLuiam Iveains, F.R.S.

Reccived January 30,—Read February 15, 1866.

§ L Indroduction.

IN my former papers, “On the Spectra of some of the Nebule” *, and “ On the Spec-
trum of the Great Nebula in Orion ” §, I described the results of a prismatic examina-
tion of the light of some of the objects in the heavens which have been classed together
under the common denomination of Nebulee. The present paper contains the results
of the application of the same method of research, with the same apparatus, to the
light of others of the same class of bodies. To these observations with the prism are
appended the results of an attempt to determine the intrinsic intensity of the light
emitted by some of the nebule which give a spectrum indicating gaseity.




Spectroscopy

 Hartmann 1904: stationary (zero-velocity) Ca Il lines

e In binary system 6 Orioni

 Could be of circumstellar or interstellar origin; shown to be
interstellar in 1930s

* Slipher 1909: some nebulae have stellar spectrum
e Light must be reflected off small particles

e Systems like Pleiades might consist of stars that illuminate
the gas around them




Dust absorption

e Struve 1847: number of stars decreases in all directions

* makes sense only if we are at center of spherical distribution

 Barnard 1910s / 1920s: catalog of dark clouds

e Revisited Herschel’s "holes in the sky”

e Realized something seemed to absorb starlight




Dust absorption

 Trumpler 1930

Measured distance to star clusters from
their size and brightness

General dimming of stars with distance
Brightness falls off with distance!

Extinction depends on wavelength
(“reddening”)

"...interstellar light absorption may be a

consequence of light scattering by small
particles, fine cosmic dust, thinly spread

through the vast spaces occupied by our
Milky Way system.”
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Heber Curtis




The Great Debate

e Shapley

 |f Andromeda not in the MW, must be
extremely far away

* Pinwheel galaxy seen to be rotating |
(wrong) Andromeda (M31)
e Curtis G Lt

e More novae in Andromeda than in MW

* Novae appear faint in Andromeda (and
other nebulae)

* Resolved a few years later
e There are multiple types of nebulael!

e Hubble: galactic “nebulae” are far away



Molecules in space

Eddington 1926: Prediction of H>
BAkERIAN LECTURE.—Diffuse Matter in Interstellar Space.

Merrill 1934: Discovery of Diffuse By 4 8. Eupoveros, RS
Interstellar Bands (DIBs) (Received May 21, 1926.)

1. The title of this lecture naturally provokes the question, Is there any

* Wide absorption regions appreciable quantity of matter in ordinary regions of space between the stars ?
e Oirigin of almost all still unknown!
e A few identified as caused by Cgp*!

Swings et al. 1937-40:

e First interstellar molecules
e CN (cyanide), CH (carbyne)

1960s: First polyatomic molecules

e NH;s (ammonia), H20

Wilson et al. 1970: Detection of
CO 1-0 emission (2.6 mm, present

‘l Ty AR

even at low temperature)

4000 5000 6000 7000 8000 9000
wavelength [A]

Bacalla 2019



Radio & The 21cm line

Jansky 1932:

e Discovery of radio emission from the Milky
Way

van de Hulst 1944:

e Prediction of 21cm line: 1.42 GHz radiation
due to hyperfine spin-flip transition
in atomic hydrogen (HlI)

e Allows us to detect HI
Ewen/Purcell & Muller/Oort 1951:

e Detection of 21cm radiation from the MW
1950s/60s:

* First 21cm maps of the MW

Ewen & Purcell’s horn

e The bulk of the ISM mass is in atomic H!

if )

HI all-sky map



X-rays

ROSAT PSPC 3/4 keV All-Sky Survey
MPE Garching _ 7 Galactic Coordinates

1960s:
» Soft X-ray background discovered
e Caused by local 10¢K gas

1990s: ROSAT satellite produces all-sky X-ray
survey

SRG/eROSITA

Since 1999: Chandra X-ray observatory
Since 2019: eROSITA

eROSITA all-sky survey



Ultraviolet (UV)

e Carruthers ~1970:

e Detection of interstellar H, with rocket-borne
UV instrument

e 1973-80: Copernicus satellite
e Detection of Hzin many sightlines

e Detection of highly ionized atoms such as
O IV (indicating very high temperature)

* 2000: FUSE satellite (Far-UV space explorer)




Infrared (IR)

1970s/80s: Infrared

e H;infrared lines, small dust particles,
large molecules

1983: IRAS
 First all-sky survey at 12, 25, 60, 100 ym

IRAS all-sky

e Warm dust is everywhere!
1990s: more satellites
 COBE (galactic distribution of C+, N+)
¢ |SO
e SWAS (Sub-mm wave astronomy sat.)
2003-2020: Spitzer
e Satellite for near/far IR

2009-2013: Herschel

e Satellite for far-IR / sub-mm Herschel + SPIRE: galactic plane

Spitzer mosaic




Cosmic Rays

e Hess 1912: Discovery of ionizing rays at
high altitudes, “Hohenstrahlung”

e 1927-34: cosmic rays are charged
particles, not photons

e 1950s: cosmic rays are heavy particles
such as protons and Helium nuclei (a's)

Hess' balloon expecition



Magnetic Fields

 Hall & Hiltner 1949:
e Polarization of starlight is correlated with
reddening

e Reason: dust grains are aligned with magnetic
tield, which rotates light due to the Faraday effect

Planck B map




The Galactic ISM




Basic properties of MW

MW disk is thin, symmetric, blurry
boundary

Half-density thickness about 250 pc
Sun ~8.5 kpc from center
Rotation velocity ~230 km/s

Spiral arms

Reid et al. 2019 ® Numbers from Draine



Masses of MW components

» Within 15 kpc of the center of the MW:
* About 10''M total
e 5X Z-OlOMQ stars
» 5x 10'°M dark matter
e /X Z‘O9M® gas
e this includes Helium
e 5 X 109M® hydrogen
e Out of hydrogen:
e 20% ionized
e 60% HI
e 20% H>

Numbers from Draine



EM Spectrum
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21 cm / radio / neutral hydrogen atoms

Effelsberg + Parkes surveys



HI velocity
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6.8 mm / microwave / CMB + dust in Galaxy

Planck satellite



2.6 mm / microwave / carbon monoxide molecules

”~
-

Planck satellite



25-100 um / infrared / warm dust

IRAS satellite



2 um / infrared / stars

2MASS survey



300-1000 nm / optical / stars

GAIA satellite



175-280 nm / UV / hot stars

GALEX satellite



0.5-4 nm / X-rays / very hot gas

XRG satellite / eROSITA / MPE



0.5-4 nm / X-rays / very hot gas

Crab Pulsar

Centaurus Cluster

Shapley Supercluster

Virgo Cluster

Sco X-1

Coma C_Iuster

lnlinolrh,-l-lhi-tl--rml-li

G156.2+05.7

SNR

XRG satellite / eROSITA / MPE



below 10-15> m / y-rays / energetic point sources

Fermi satellite



N

ST

p—
S

lI'l'lI lllml‘l‘l T 117

[e—
oI

Intensity nW m
T leﬂ'l'l T llnrﬂl TTTT

- . ‘
10 “ig 16 14 -12

Backgrounds

E‘TWW‘MWWWFW“ lllm‘ lnl'l'l'q |||I'I'I" lnl'l'l‘ T

LILALL

Microwaves

nm‘ T uml'll

Optical

N

Infrared

ll‘ lllml'll T

X-ray uv

Gamma-ray
Radi

. umml Qumu] umml llnuuj uuuﬂ |1mu|! L

167 20 1T 100 107 ¢ w° 10" 1T 10 107

Wavelength (meters)

Figure by A. Cooray



The local ISM
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Beta Arae

ISM (500 pc)
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Big Questions

How are baryons transformed into stars?
What determines the initial mass function of stars?
Why do stars form in binaries / multiples?

How does feedback work?









ISM Basics




* Not known exactly, but the Sun should tell us about the
ISM about 5 billion years ago

Composition

e About 1-2% elements other than H/He
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Gas phases

Gas comes at all kinds of temperatures and densities, but
some common properties emerge

We categorize them by the state of hydrogen
* lonized atomic hydrogen (H* or H II)
e Neutral atomic hydrogen (HO or H )
 Molecular hydrogen (H>)

Most regions in the ISM are dominated by one of those
phases, with thin transition zones



The Perseus-Taurus shell

yellow line from sphere’s center points back toward Earth

Alyssa Goodman / Catherine Zucker / Shmuel Bialy / Carter Emmart / Michael Foley / Jasen Chambers (youtube)


https://www.youtube.com/watch?v=bYgPC-5Wak0&t=79s&ab_channel=CenterforAstrophysics

Gas phases (in the Milky Way)
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Comments

Collisionally ionized, shock-heated by
supernovae and stellar winds

Photo-ionized nebulae around stars; density
and pressure vary across these bubbles

Diffuse photo-ionized gas, large scatter in
temperature and density

About 60% of HI by mass; in pressure
equilibrium witn CNM

Significant fraction of the mass despite small
volume filling fraction

Self-shielded against dissociation, but not
dense enough to form stars

The site of star formation: more or less
gravitationally bound




Gas phases

Mostly confined to the disk, some gas in the hot halo
Large range in temperature

Even dense regions are “ultra-high vacuum”

e Laboratory UHV is n ~ 4 x 10°/cm?
In approximate thermodynamic equilibrium

* Turbulent, CR, magnetic pressures play a role



Flow of baryons in the MW

Infall

~0.5 M,/
ISM
~7x10°M
/\ stellar winds

Star planetary nebulae
Formation novae
~1.83 MQ/yr supernovae

Total: ~0.5M,/yr

< STARS >

~0.2 M,/ yr @
whlte dwarfs
nhofars

Draine



Transformation between phases

Hot lonized Medium

l Radiative cooling T Supernovae

Warm lonized Medium

Radiative recombmatlon Photoionization

L 4
.’ (SNe convert

,’\ WNM to HIM)
Warm Neutral Medium \

Hz formation on dust T Photodissociation

i Cool winds, Fast winds,
Diffuse H, - planetary nebulae SN ejecta

Collapse turbulence Turbulence

Molecular clouds

Star formation



Other components

Dark matter

Interstellar dust

e ~ 0.1 um size, silicates or carbonaceous material

* ~ 1% by mass of ISM
Light (EM radiation)

- CMB

e Star light

e X-rays from hot gas

Magnetic tield

Cosmic rays



Flow of energy

STARS extragalactic
self gravity, nuclear burning background
photons
starlight stellar ejecta
photons kinetic energy

\/

ISM

kinetic energy, thermal energy, chemical energy
magnetic energy, cosmic ray energy
self —gravity

radlative
cooling

N

cold sky

Draine



Energy densities

Eiot = By + Eyin + Ep + Ecr + £,

* All energies per unit volume
e CR energy is the kinetic energy of CR particles

e Kinetic energy largely from turbulent motion



Energy densities

Component E (eV/cm?®) Comments

Cosmic microwave background (CMB) 0.27

Far-IR radiation from dust 0.31

Starlight 0.54 For energies hv < 13.6 eV
Thermal energy 0.49

Kinetic energy 0.22 Largely from turbulence
Magnetic energy 0.89 For a median B =~ 0.6uG

Cosmic ray energy 1.39



Reading

Draine
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