Overview of the Interstellar Medium

* Mass of stars in the Milky Way
- 3-5x10""Msun (Table 1.3 of Tielens wrong!)
* Mass of gas in the Milky Way
- ~3x10” Msun (inside solar circle) - 9x10° Msun (<20kpc)

* Mean density of gas in the Milky Way

M
~—s ¢2H 300
" (r R 2H)

B 5%10° Msunx 2 X 10> g/Msun .

1.67x10™ ** g/HX (8.5 kpe X 3x 10 em/kpe )* (2% 150 pe X 3% 10'® cm/pe) R~8.5kpe

—03cm >
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Density distribution

* About half the gas and half the volume 1n the Milky
Way disk 1s in phases with density within a factor of

two of nH=O.3cm'3.

* But most of the rest of the volume 1s in gas with
density 100 times lower: n_=0.003cm™.

* Most of the rest of the mass 1s 1n gas with 100-1000
times higher than the mean:n_=30-300 cm™.
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Differing spatial distributions

* Most of the dense (molecular) gas lies inside the
solar radius (8.5 kpc).

* Most of the neutral atomic gas lies outside the solar

radius. o

NGC6946 opt(L) 21cm(R)
Boomsma et al AA 490, 555

* The low density (hot) phase has a much larger scale
height (~3kpc) than the neutral and molecular gas
(~100pc).
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Differing spatial
distributions-2

NGC 6946
Walsh et al 2002
A&A 388, 7

As in Milky Way:

HI distrib much bigger

than everything else.

CO more centrally concentrated
than old stars (Rband) or

young stars (HII=Halpha image)
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Uncertainty in Milky Way gas mass

somewhat model dependent (HI, CO seen everywhere, but need CO/H2 abundance, and
HI distances are hard to deconvolve from the rotation curve. Other phases are not seen
well except locally.

4.5x10° Msun (p19)

7.3x10° Msun (p 7)
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Pressure equipartition

* Except for the densest gas and some dynamical
regions, most of the interstellar medium 1s 1n rough

pressure equilibrium, with p ~3x10""“dyncm™

* Pressure supplied by roughly equal contributions
from:
— Thermal pressure 2. n kT,
— cosmic rays Z foo p)pvd’ p
— magnetic pressure BZ/8m

— turbulent motions PV’
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Identifying the components of the ISM

* The original “multi-messenger astronomy”

* Many equally important components of

— Mass
— Energy
— Mass input, Mass sinks

— Energy 1nput (heating), energy output (cooling)

* No single wavelength of observation will reveal all
(or even most of) the components!
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Many messengers to deliver the ISM

* Only by combining radio, mm, IR, Opt, UV, X-ray,
and gamma-ray 1imaging and spectroscopy and

polarization measurements, plus particle (cosmic
ray) detection over 50 years did we build up our
current picture of the ISM.

* Omit any one of those, and we'd miss an important
component.

— Are we still missing an important ingredient!?

E.S. Phinney, Ay 126, Jan 5 2009



Optical view of the sk

Mellinger PASP 121. 1180--1187 (2009)
http://home.arcor-online.de/axel.mellinger/
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Optical: stars and ?

Notice stars
shining through
the edges of the
dark cloud are
redder than stars
outside.

Compare dim, red
sunset,

especially after
California fires

or volcano eruptions.

Suggests scattering

by particles smaller
than wavclength of
light: scatter blue light
more than red.

The "Black Cloud" B68 +%*
ESCQ PR Photo 20a/99 ( 30 Apil 1999 ) {'.‘J'LT AhTLI Ak FORSI ,} @ European Southern Obsenvatory il
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Dust extinction vs reflection

Thackeray’s Clobules in 1C 2944

See dust as

black clouds

when backlit:

the dust absorbs
and scatters

the backlight away
from our line of

sight.

.

NASA and The Hubble Heritage Team {STScl/AURA) » Hubble SpaceTeles

Reflection first
demonstrated in spectrum
of Merope nebula (R)

by V.M. Slipher 1912,
Lowell Obs Bull #55,
Vol II, pp. 26-27
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Hubble

Heritage

cope WFPC2 « STScl-PRC02-01

llﬁﬂgefl by Nathan Secrest

Also known as the “Pleiades”, the “Seven Sisters” and “Subaru” in Japanese, this is an open cluster containing
about 100 very bright stars, and is a region of relatively recent star formation. Surrounding this region is the Merope
Nebula, a large dusty reflection nebula the cluster is passing through. This cluster is also easy to spot with the
naked eye, and is located only 395 light years away in the constellation Taurus.

Taken 03/27/2009 through a StellarVue 80mm apochromatic refractor, 6, with an SBIG ST-2000XM CCD detector
4 x 200 second integrations in luminance combined with 1 x 200 second integrations in red, green, and blue filters

See dust as reflecting clouds when lit by a star
in front of, or inside the dust (reflected light
is usually slightly bluer than the star)




Dust reflection vs extinction

Left: dust extinction

Right half: dust reflects
light of Antares (very
luminous red AGB star).
Notice redder as move
left, farther from Antares,
as remaining transmitted
light becomes redder.

Center: dust reflects
light of a less bright hot
blue star.

S Tmaged by Notlii Sectest
Antares/Rho Ophiucus Reflection Nebula

This region of the sky is within the Scorpius and Ophiucus constellations. Antares is a red supergiant star over
700 times the radius of our Sun in the Milky Way, and is often referred to as the ‘heart of the scorpion’. The
nearby nebula reflects its distinctive hue, leading to beautiful sunset colors. The small star cluster is the much
more distant globular cluster NGC 6144. This region is a favorite among amateur astronomers, as it is one of the

ES Phinney Ay 126. Jan 5 2009 most colorful regions in the sky.




Optical: stars and dust
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Infrared: more stars, less dust

Embedded Outflow in HH 46/47 Spitzer Space Telescope * IRAC
In

set: visible light (DSS)
NASA / JPL-Caltech / A. Noriega-Crespo [SSC/Caltech) ssc2003-06f
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Dust extinction vs wavelength
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Optical vs near infrared view of sky

Optical: stars, dust obscuration,
fat looking disk

Near Infrarved 1.25 2.2, 3.5 o COBEFDIRBE .
Near infrared: redder stars, much less

dust obscuration, much thinner looking disk,
clear bulge..
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Dust extinction and the mean density

The smallest dust grains that scatter visible light effectively have

aNLNO.l umNIO_Scm

27T
Density of dust (graphite, silicate) 1s about2 g cm > .J.'

So optical depth 1 must have surface density of dust

>~2¢ em OX10 " cm~2 X lO_Sg cm °

With 1/4 of heavy elements condensed into dust

(1.e. 2 solar/4=0.01 of gas mass), this column density of dust

corresponds to a hydrogen column of 2 X 10°° g cm” 2, or

—3 -2
N :2><10 g cm =10210m_2

H

m
P
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Dust extinction and the mean density

Optical depth 1 corresponds almost to 1 magnitude extinction, or
in visual (550nm) light,AVZ I.

Useful rough rule: N =~ 10*' A
H V

Compare images of Milky Way in optical and near-infrared (where
small grains don't scatter much, and there are fewer a ~ A grains).

In optical galaxy looks about 8 times thicker, since we don't see the
distant stars making up the MW disk as we do in IR light.

Suggests we see only about 1/8 of the Galaxy in visible light, i.e. 1kpc

Thus mean density of dust-containing gas should be

21 -2 21 -2
10 10 B
oo 0 M g3em

H 1 kpc 3X 1021 cm

consistent with our first estimate (and much of the heavy elements

being condensed in dust.
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Dust thermal emission

The dust both scatters
and absorbs light.

The absorbed light
heats the dust.

The heated dust radiates
like gray-body at
equilibrium temperature

T such that power absorbed
= power radiated.

20-60K typical.

Wien displacement law:

3000 um

max T

A
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=150 pum—-50 um

12, 60, 1o e [RAS

Dust absorbs ~ Y2 the starlight

of the Milky Way. So reradiated
power ~ stellar luminosity/2.



Dust thermal emission

Left: Optical image of Orion and Monoceros.
Right: 140 micron infrared image from Akari .Mission.
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Hot dust (small grains)

Ophiucus Region Lupus Region
Cygnus Region » Vela Region

> 2 *{ Lo el e R : /. Rosette Nebulg

o) | B S Galactic Ce‘n’rer'.
~ Andromedar - ' T

‘_Ggloxy e . J Large ngellcrj‘ic/,- , otel
_ s o A o _ : Betelgeuse

Taurus Region

Orion Region

Sky at 9 microns, from Akari spacecraft (2007). 9” resolution.
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Surface brightness spectrum of solar

neighborhood

starlight

thermal dust reradiation
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Melchior, Combes & Gould 2007, A&A 642, 965



Properties of Dust

* Particle sizes 0.5nm-300nm

. —3.5
* size spectrum dN/da~a

e extinction ApocA” " IR-visible ,ocA ™ in visible

* dust albedo ~0.6 in visible; forward scattering.
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The smallest nano-dust

* finite specific heat

* single photon raises temperature a lot: temperature
spikes

* PAH -vibrational bands v

Fe— o & e o
H, 5(5) H, 5(3) H, 5(2)

* smallest grains have largest =°

Flux density [Jy]

total contribution to UV

.
z 3 2 3 T a2
o oo oo Z <

n

Arll —

optical depth: large fraction

N
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Wavelength [[tm]

of luminosity!
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What else can we see 1n optical?

California nebula (mainly Halpha emission) and Pleiades (mainly dust reflection)
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Ionized gas

* UV photons from hot stars 1onize surrounding gas.
and heat it by ejection of photoelectrons.

* Gas recombines -roughly one Ho photon per
photoionization=recombination.

* Cooling by fine structure lines (IR) and optical
transitions between ground and low-lying levels of
heavy elements.

* Emission vs reflection nebulae
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Ionized gas spectrum
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Planetary nebulaspectrum from
https://www.e-education.psu.edu/astro801/content/15_p2.html
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mea nebula: Messier 17

“True” color, gas about 800 Msun,,

5 pc across, 35 stars.
http://www.noao.edu/image_gallery/html/im0802.html
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created from five frames imaged with filters covering a narrow range
of wavelengths centered on the emission lines of SII (6731 angstroms),
Hel (6678), H-alpha (6563), OIII (5007), and H-beta (4861). The red,
green and blue contributions to the final picture come from,
respectively, the ratios H-alpha/SII, SII/Hel, and OIII/H-beta.




Emission lines as diagnostic tools

o [OIII]A4383/[OIIJA5007 diagnoses T,

* Other line intensity ratios, e.g.[SIIJA6717/[SITI]A6731

diagnose n, density

=
T @ -

e Still others

o =]
ra ofe

— 10nization parameter,

log [OIIAS007/Hp

o
L o

— shape of 10n1zing spectrum, etc

=
s

log [NIIA6584/He
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Ionized gas — How emission

Log Intensity [rayleighs]

—05 0.0 &5 1.0 1.5 2.0 9.5
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Ravlieiah=1026/(4 Pi) nhoton MmA



In emission, you see what 1s dense, not
what 1s important (1n mass).

H « emission surface brightness 1s given by an integral along the
line of sight So(ocf n n.dl=f n”dl
e 1 e

since n =n for hydrogen.
e l

So it i1s dominated by dense regions. Example:

1. Cloudn =30cm >, l=1pc—>Sa=103cm_6pc
e

2. Diffuse mediumn =0.1cm >, [=1 kpc— S,=100 Cm_6pc

e

Most of galactic Ho luminosity is from small dense clouds. Most of the mass is in diffuse gas.
Roughly one Ho photon per ionizing photon absorbed.
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Ionized gas -pulsar dispersion measures

A measure of the 1onized gas density, rather than density2
comes from the dispersion of radio pulses in the ISM.
In plasma, photons EM field interacts with free electrons.

Dispersion relation

w2 202 k2 + w2 where
p

2 2
w =41tn e Im
)% € 1%

Group velocity d w/dk=c(1—w’ lw?)?~c(1-w? 12 w?)
P p

Pulse delay between frequencies v, A v,
At=4.1ms DM [(v2/GHZ)_2—(V1/GHZ)_2]

where DM (cm_3 pc)=f n dlis integrated electron density
e

along the line of sight to the pulsar.

In galactic plane, find(n )~0.03 cm >
e
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Frequency (MHz)

Pulses from the Vela pulsar

150

Channel NMumber

50

arrival time versus frequency.



How to probe the hot gas of the ISM

ionization potentials

Ol 13.6eV ClI 11.3eV *
Ol 35.1eV CII 24.4eV
OII 54.9eV CIII 47.9eV
OIV 77.4eV CIV 64.5¢V
OV 113.9eV CV 392eV
OVI 138.1eV CVI 490eV

OVII 739.32eV(!)
OVIII 871.39eV

113.9eV/k=1.3x10°K

Absorption lines due to gas along the line of sight of stars
at various distances D. Gives for each ion the absorbing
column densitys N, as a function of distance.

The ratios of lines in different ionization states of an element Dense cold clouds shadow the
determine temperature T of gas, and fraction f(T) of gas in each X-ray emission from the hot
ionization state i. Hence can determine both T and <n,>=N./(f. D) gas, determine f D nn dl
E.S. Phinney, Ay 126, Jan 5 2009 0 i e



Historical note

* Dark Clouds in Milky Way pointed out by William Herschel, 1785. He
thought they were “Holes in the Heavens™.

* E.E. Barnard's spectacular photographs convinced him that dark
clouds were not holes, but “really obscuring bodies” (1919). Wolt
(1923) and Bok (1931) quantified their extinction by star counts.

* Wilhelm Struve (1847) pointed out general interstellar extinction, and
Jacobus Kapteyn (1909) quantified to 1.6 mag/kpc. Kapteyn, and more
quantitatively Robert J. Trumpler (1930) demonstrated A" reddening
(selective extinction).

* absorption lines due to interstellar gas along the line of sight to stars
discovered and correctly explained by Vesto Slipher 1909, Lowell
Observatory Bull, 51, Vol II, pp 1-2.
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Hot Gas
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From B.D. Savage, using Sutherland
& Dopita 1993 CIE, Anders & Notice that around 3x10° K, where OVI dominates
Grevesse 1989 abundances. the cooling, dA/dT<0: if you heat it, it cools less, if you
cool it, it cools faster -i.e. it is thermally unstable, so no
E.S. Phinney, Ay 126, Jan 5 2009 equilibrium at this temperature (prefers >3x10°K or <10°K).



Hot gas -UV lines of OVI
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Hot gas -results of OVI UV studies

Auriga-
Perscus
Cloud

Py
[

Dark
Cloud |

‘Pleiades
Bubble |

South

“Tunnel” | “LCoalsack”

towards |
superbublble |
GSH 238+00

Chameleon

S parsecs (1,630 light years) +

Welsh & Lallement 2008 A&A, 490, 707
Sun 1s in a bubble or “chimney” of hot gas

E.S. Phinney, Ay 126, Jan 5 2009

160,90

HD 20863

1,h0, 90

HD 124367
200

100

200

Locations relative to the local
bubble and surrounding neutral

gas clouds of the 5 B stars in which
OVI absorption was detected.

Note: the high columns of OVI are thought
to come mainly from 300,000K gas produced

at transition layers between neutral clouds and
10° K bubble gas, not the bubble gas itself.



Scale height of hot gas from UV
absorption lines

==
15 St N/ b<0 b>0
h=10 kpc
e o
OQ h=2.5 k
@) =&. c
s i
A .
%5 h=1 kpc

LOG
(Nsinb)

LOG (2)

log {N(OVI) sin|6| [em *]}

log |z| [kpc]

EXPONENTIAL SCALE HEIGHTS (HST +FUSE) B. Savage 2005

SiIV  5.1+0.7 kpc
CIV 4.4+0.6 kpc
NV 3.3%0.5 kpc
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Hot Gas X-ray K& lines

3C 273. LETG—ACIS

a) 1/4 keV ER;%:’-;: ’f:y: "‘m—»::“‘g.-:"
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Chandra detection of OVII Hea line in absorption  4{J1957+1
towards the quasar 3C273
Fang et al 2003 ApJ 586, L49.

More recent Chandra results on QSO z=0 abs:
Yao et al 2008 ApJ 672, L.21

OVII, OVIII, Ne IX Ko lines.

Find columns of OVII lines 10'° cm™, giving

Mrk 421

(see ionization equilib slide above)
Ny~10" em? ~ 0.003cm™ x 2kpc.
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b) 3/4 keV (J145)

500

400

300




Hot Gas

Solar abundance gas in collisional 102
equilibrium.

Comparison of total cooling

emissivity (red), and contributions

to that cooling emissivity from ~ 107
all oxygen ions and lines (blue), and J:
the OVI 1032+1038 lines alone i:
(green). =
From Dave Strickland 2 jo-u
XSPEC and
coolcurve_create codes.
http://proteus.pha.jhu.edu/~dks/Coolcurve_create/

1024
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Emissivity between 1 eV and 40 keV

MEKAL plasma, Solar abundances

p—
s -

All O line emission

0 V]I emission



http://proteus.pha.jhu.edu/~dks/

HOt gaS _Xrays a}IMkeV(RJ}lﬂ*;&;. .

Fron ROSAT all-sky survey
Snowden et al 1997 ApJ 485, 125

1500
== | 20K)
o S
o

300k

X-ray absorption cross-section of ISM

scales roughly as E®°, where E is

X-ray photon energy. b) 3/4 keV (R45)

500

At 0.25keV, optical depth unity produced
by N,;=10% cm™. So mean free path

4(H)
300
200

is about 100pc. Emission is just from the

L)

local hot gas bubble in which the sun lives

At 0.75 keV, optical depth unity produced

— 21 ) c) 1.5 keV (R?
by by N;;=1.5x10°' cm™. So mean free path

is about 1.5kpc in the plane.

At 1.5keV, the X-rays can penetrate most
of the galaxy.

E.S. Phinney, Ay 126, Jan 5 2009



Inferences from X-ray emission

Typical hot gas emission from gas in the Galactic bulge <Skpc radius
(NOT disk! NOT solar neighborhood) with

density 0.003 cm™.

Scale height 2kpc

Temperature 4x10° K.

Pressure nT=p/k=30,000 cm™ K (about 10 times disk pressure near sun)
Total luminosity 2x10™ erg/s.

Total mass 3x10” Msun.

Known to be well inside solar circle because of shadow cast by molecular
cloud complex at ~3kpc distance. Half of 0.5-2keV emission from beyond
that cloud complex (Park et al 1997 ApJ 476, L77).

See also S. Lei et al 2009 ApJ 699, 1891.
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Hot Gas -Line emissivity
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Neutral Hydrogen emission, 21cm line

Color represents radio brightness temperature = optically thin column density of

neutral hydrogen, from 21cm, 1420MHz hydrogen hyperfine transition. apod010113

Giant shells of HI surround X-ray emitting hot gasbubbles (e.g. North Polar spur,

Eridanus shell). Also 10° Msun, 50pc clouds around molecular clouds, star forming regions

(e.g. Orion, Monoceros)..

Tb dv
N =2X 10180m_2f
HI
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Absorption spectroscopy: hot, warm, cold gas

sMolecular Hydrogen —— Raw Material for Forming Stars
sCold Interstellar Gas —— Atomic Gas Before Compression
sHot Interstellar Gas —— Results of Explosive Heating
10 I I I
HE HE HE HE HE HE
(WP E) {10°K) (10° K} (10°K) (L0 K} (16" E) (107 K)
B lomized Atomic lonized Ipnized MNewitral HNeutral Ionizad
E gilicon Hydrogen Oaygen Carbon Oxvgen Argon Iron
b ] —
-
£ ? f
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FUSE spectrum of quasar E141-G55, showing Milky Way (z=0) absorption lines
from Shull & Tumlinson cf Shull et al 2000 ApJ 538, L.73
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Cold, dense gas

+90°

CfA CO Survey
August 2007

-90°
H, has no dipole moment. Recently studied in UV absorption along a

few lines of sight. For emission maps, use CO (dipole!) as tracer.
But CO/H, can be tricky.
E.S. Phinney, Ay 126, Jan 5 2009
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Chemistry 1n cold, dusty gas

THE AsTROPHYSICAL JousNaL, 196:LO0-1102, 1975 March 15
@ 1975, The American Astronomical Seclety. All rights reserved. Printed in U.S.A.

DETECTION OF INTERSTELLAR TRANS-ETHYL ALCOHOL

B. ZuckERMAN®
University of Maryland

B. E. TurNER

National Radio Astronomy Observatory,7 Charlottesville

o L

Ethyl alcchol has been of interest to mankind since
the dawn of the earliest civilizations (Hallo and Simp—
zon 1971; Seltman 1957), During early October of 1974
we detected a truly astronomical source of ethyl
alcohol located in the general direction of the center of __ 3 : ‘ d ; :
our Galaxy. Preliminary estimates indicate that the Lol s % 0 TPARs ..
alcoholic content of this cloud (Sgr B2), if purged of O T A ACID
all impurities and condensed, would ‘ulfld approxi- e O s L RPN ACETO-
mately 10° fifths at 200 prc:-t:rf This exceeds the total i S e $ i -
amount of all of man'’s fermentation efforts since the
beginning of recorded history.

ETHANE

For a reasonably complete list,
see wikipedia onsew  NCETYLENE

“List of molecules in interstellar space”

Dust is an important catalyst.
E.S. Phinney, Ay 126, Jan 5 2009



Other constituents of ISM 1-B field

* Recall pressure in B field, cosmic rays, turbulence all
comparable to thermal gas pressure

* Magnetic field ~5 UG 1n diffuse gas, higher in molecular
clouds

* Diagnostics of B field: RM= [ n Bdl

— Pulsar Faraday rotation of polarization (Rotation Measure)

— Zeeman splitting of 21cm, OH, H,O lines (splitting less than
Doppler width unless B>mG).

— (electron synchrotron radiation)

— (Dust grain alignment)
E.S. Phinney, Ay 126, Jan 5 2009



Importance of the B field

* Seeded by stellar winds

* Grown by a dynamo using Galactic differential
rotaiton and buoyant circulation driven by cosmic
rays and supernova-heated hot gas. Mixed by
supernova, stellar wind-driven turbulence.

* Prevents cloud collapse, regulates accretion, and
thus star formation.

* Determines cosmic ray propagation and diffusion.

E.S. Phinney, Ay 126, Jan 5 2009



Other constituents 2 -Cosmic rays

H11. 10 I +5H . e

408MHz synchrotron radiation from cosmic ray

electrons with y~ 10" in the galactic magnetic field.

E.S. Phinney, Ay 126, Jan 5 2009

Fermi 1-year >0.3-10 GeV gamma-ray
image. Dominant source (low lats) is

pp -> 1’ ->yy. Also some bremsstrahlung
(low lats) and inverse compton scattering
(high lats) from cosmic ray electrons.



Local cosmic ray spectrum and
acceleration 1n SNR shocks

- 10
5 F :
O 920 Fluxes of Cosmic Rays
pi n
& — %Aﬂ
HE -
. 10_1 - s@l (1 particle per m*—second)
5 -
L — G
160 °
- &
10 o
o[ o
10 ¢ o
L % Knee
. {1 porticle per m*—year)
_13‘_ %{ 4
10
- IE
B %
10—13__ }%%‘
=ri X
10
10_22_— " 5
i Ankle " T
10 25:— (1 particle per km*—year} Y
C :.-“'
=
10 - +
i w wl wl vl vy ul ul ul ul ul N ERETT |

L1t Ll L L1l L1 L1l L1l LI 111
10° 10" 10" 10" 10" 10" 10" 10" 10" 10" 10" 107 190
Energy (ev)

E.S. Phinney, Ay 126, Jan 5 2009



Cosmic ray energy losses
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electron

=
o T\-I!".l_".
- )
or radio

Note that cosmic
rays do not propagate
in straight lines:

they gyrate about
irregular magnetic
field lines: diffuse!



Importance of cosmic rays

* Unlike photons, can propagate into dense molecular
clouds

* Jonize clouds and other regions shielded from
1onizing photons.

* Heat those regions

* Keep them 1onized enough to couple to magnetic
field, and thus regulate collapse and accretion, star
formation.

E.S. Phinney, Ay 126, Jan 5 2009



Energy 1nput to cosmic ray acceleration

* Cosmic rays diffuse: scattered by irregularities in the magnetic field
* Eventually escape the Galaxy

* While propagating, heavy (C,0O, etc) CRs collide with protons, and
spall to rare 1sotopes (Be, B, etc)

* Abundance of spallation products implies CRs traverse X~ 7 g cm™ of
protons before they escape. This gives energy input estimate.

X=pcT

3p .V 3p V. pc 3p M c
[ = CI?T CR _ CR CR _ CR gas —15% 1041 erg S—l
CR pCT X

approx 20% of supernova kinetic energy input to ISM!

E.S. Phinney, Ay 126, Jan 5 2009



Inferred rate: about 1 per 50 years

in Galaxies like Milky Way. We must
miss seeing most!

IMsun@ 10,000km/s=10°" erg every

1985

Historical supernovae:
185 (G315.4-2.3)
1006 (PKS1459-41)
1054 (Crab)

1181 (3C58)

1572 (Tycho)

1604 (Kepler)

168077 (Cas A)
missed this one!
1987A (LMC)

E.S. Phinney, Ay 126, Jan 5 2009

50 years = 6x10*' erg/s energy input to ISM.

G1.9+0.3 youngest known galactic supernova remnant
expanding 0.65%/year so <150 years old

Reynolds et al arXiv:0804.1487

1985 and 2008 radio images: Green et al arXiv:0804.2317
1.5-6keV hard X-ray 5GHz radio

from Reynolds et al arXiv: 0903.1870
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Powering the ISM -2: stellar winds

* Provide ~90% of the mass input to the ISM (>10x more than
supernovae), about a solar mass per year.

* Provide ~50% of the momentum input to the ISM (comparable
to supernovae)

* Provide ~10% of the kinetic energy input to the ISM (supernovae
provide 90%).

* Since young stars stay close to their birthplaces, they are

especially important for star forming regions. [

E.S. Phinney, Ay 126, Jan 5 2009



Powering the ISM 3: photons

* Optical photons -luminosity 1s about 100 times supernova kinetic

energy input.

— Mostly just heats dust grains, which then radiate thermal infrared
radiation, which escapes to intergalactic space.

— Only very weak dust->gas heating in diffuse ISM. So despite
dominating the luminosity, doesn't affect ISM much.

* UV photons <13.6eV: photodissociate molecules

* UV photons >13.6eV: ionize hydrogen

. . blue: HI
— Mostly absorbed in dense HII regions. Pressure -> ShOCKS. oy 11y (HID

green: R band
— Some escape into diffuse gas, tranforms WNM to WIM. 30 Doradus
star forming
region in
E.S. Phinney, Ay 126, Jan 5 2009 LMC



Summary of phases of the ISM

* Magnetic field
* Cosmic Rays
* Photons

* (as -see next page

E.S. Phinney, Ay 126, Jan 5 2009



* Molecular Clouds
~ 0, ~ 1%, 0y, ~ 12%, 10K, >200cm™
* Cold Neutral Medium (CNM)
- 0, ~ 1%, Oy ~ 25%, 80K, 50cm™
* Warm Neutral Medium (WNM)
- @, ~ 25%, Op; ~ 35%, 000K, 0.5cm™
* Warm Ionized Medium (WIM)
= O, ~ 25%, Oy, ~ 25%, 8000K, 0.25cm™

* Hot Ionized (intercloud) Medium (HIM)
- ¢, ~ 50%, ¢, ~ 4%, 2x10°K, 0.002cm”™

E.S. Phinney, Ay 126, Jan 5 2009



Cycles of matter and energy

* Mass ejected from stellar winds and supernovae
enriches ISM with heavy elements, changing
cooling, and forms new stars.

* Cosmic rays created in supernovae at the end of
lives of stars 10nize the deep interiors of dense
clouds, catalysing chemistry that enhances cooling
so that they can form stars and coupling them to B.

* Inputs of momentum and energy from young stars
prevent clouds from collapsing, regulating the birth
rate of stars.

E.S. Phinney, Ay 126, Jan 5 2009



Neutron
Stars

The star-gas cycle
in the ISM.

From Dopita &
Sutherland 1999,
Diffuse Matter in the

Universe.

Stars
{D.BMD

Molecular
Clouds

- - Phases of
T the ISM

Stellar
Remnants

After MS

Stellar Lifatime
_________ . .‘—- —_—— ]
“ Winds |

White
Dwarfs

Binaries
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ISM 1n dynamic quasi-equilibrium

Mean heating balances mean cooling
— Exchanges of mass between phases roughly balance

Gas outflow balances cooling inflow

Star formation balances mass inputs (with steady sink to
<1Msun stars).

Supernovae create hot gas (HIM), cosmic rays

SN, stellar winds, HII region shocks compress gas -cool to

molecular clouds

Regulation of star formation by gravitational instability

E.S. Phinney, Ay 126, Jan 5 2009



Regulation of star formation

* Global regulation -threshold for gravitational instability

Gas 1n a rotating disk, gas surface density 2
Epicyclic frequency k ~ Rotation frequency (2

Sound speed ¢
\)

Self gravity tries to pull the disk together
Long wavelengths stabilized by shear, short wavelengths stabilized by pressure

C C
\Y \Y

(Toomre Q<1)

U

Instability for intermediate wavelengths if G 2 >
Tk 12

Seems to be observed threshold for star formation -cf
Kennicutt 1989 AplJ 344, 685; Martin & Kennicutt 2001 ApJ 5535, 301
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Regulation of star formation

* local regulation -efficiency and rate

— Ambipolar diffusion (separation of neutral gas from
1onized components and magnetic field) may be the rate
limiting step.

— Turbulent motions excited by newly formed stars stop
collapse, and winds, HII regions and supernovae eject
gas -determine limit to fraction of gas that forms stars
1.e. the star formation efficiency.

* cf. Matzner & McKee 2000 ApJ 545, 364
* Krumholtz, Matzner & McKee 2006 ApJ 653, 361
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