
GAS$Lecture$2$$

Physics$of$Emission$from$Gas$(MWB$B1.3)$$

•  Lines$have$enormous$range$of$energies/wavelengths$

–  molecular$and$fine$structure$lines$in$IR/radio$band$

–  atomic$lines$in$the$IR,$opKcal,$UV$and$xOray$$

•  Ionized$gas$also$emits$a$conKnuum$via$thermal$bremmstrahlung$(S&G$pg$

33)O$shape$of$which$is$a$measure$of$temperature,$intensity$goes$as$density$

squared$$$

•  Observed$line$energies$give$velocity$informaKon:$redshiU,$velocity$field$

•  RelaKve$strength$of$lines$determines$ionizaKon$temperature,$abundance$

of$given$element$(corrected$for$ionizaKon$balance$(go$to$board)).$$

•  see$Thermal(radia+on(processes(J.S.$Kaastra,$F.B.S.$Paerels,$F.$Durret,$

S.$Schindler,$P.$Richter(

$Space$Science$Reviews,$Volume$134,$Issue$1O4,$pp.$155O190,$2008$$astroOph/

0801.1011$for$the$background$physics$$

–  $$



•  Much$of$what$we$know$about$the$chemical$composiKon$and$$

chemical$evoluKon$history$of$the$universe$depends$upon$the$

interpretaKon$of$the$strong$emission$lines$originaKng$from$HII$

regions.$

•  $These$emission$lines$enable$us$to$invesKgate$the$metallicity$

evoluKon$of$the$universe$as$a$whole$$

•  Measure$the$mass–metallicity$relaKonship$of$disk$galaxies$$

•  $Understand$how$chemical$abundance$gradients$are$formed$and$

maintained$$

•  They$encode$informaKon$about$the$history$of$star$formaKon,$mass$

infall,$and$radial$mixing$driven$by$viscous$processes$in$galacKc$disks.$

$

(adapted$from$Dopita$et$al$$2013)$

Why$Metals$are$Important$(sec$10.4$MBW)$$

•  While$metals$account$for$1%$of$the$mass,$they(
dominate$most$of$the$important$chemistry,$

ionizaKon,$and$heaKng/cooling$processes$(and$life)$$

•  Comparison$of$the$metal$content$of$gas$and$stars$

compared$to$$

– what$is$expected$from$stellar$evoluKon$$

– cosmic$star$formaKon$rates$indicates$whether$galaxies$

expel$metals$and/or$accrete$gas.$$



A$Bit$of$PhysicsORelevant$VelociKes$$

Sound$speed$in$gas$cs=∂P/∂ρ; P$and$ρ$are$the$pressure$and$
density$$(mass$density)$

For$isothermal$perfect$gas$P=ρkBT/µmH$

cs=sqrt(kBT/µ)$

where$$kB$is$Boltzmann's$constant$and$µ$is$the$mean$molecular$

weight$of$the$gas$(See$S&G$problem$2.21)$

$

Many%astrophysical%situa0ons%in%the%ISM%are%close%to%being%

isothermal,%thus%the%isothermal%sound%speed%is%o9en%used%

$

•  Alfvén$speed:$The$speed$at$which$magneKc$fluctuaKons$

propagate.$

vA$=$B$/sqrt{4πρ}$Alfvén$waves$are$transverse$waves$along$the$

direcKon$of$the$magneKc$field.$

$

ISMO$Relevant$VelociKes$

Some$characterisKc$values$$

•  galacKc$rotaKon$gradient$18km/sec/kpc$

•  Thermal$sound$speed$ideal$gas$for$H:$0.3,$1,$3$km/s$at$10$K,$100$

K,$and$1000$KO$most$of$the$velociKes$measured$in$galacKc$gas$

are$thus$supersonic$(e.g.$gas$is$turbulent)$$

Alfven$speedO$for$typical$ISM$values$B=1μG,$#$density$n~1cmO3$$$$$$$$

vA=$2$km/sec$

•  Given$typical$ISM$condiKons$$

–  cs~vAin$dense$gas$
–  cs<vAin$diffuse$gas$



A$Bit$of$PhysicsO$Scales$$
•  In$gas$at$temperature$T,$the$mean$parKcle$velocity$is$given$by$the$3Od$

kineKc$energy:$3/2mv2$=$kT;$$

$

•  $collision$Kmescale:$τ~l/v$:$l $is$length$,$v$is$velocity$$
$l ~1/$nσ;$n$is$the$NUMBER$density$of$the$gas$and$$σ is$a$typical$cross$

secKon$(hard$sphere$approx$for$ions$πr2~10O15$cmO2$)$

and$thus$τ~{2/3}${kTm}O1/2/(nσ)$=$4.5$103nO1TO1/2$years$

$$$$

$l$is$mean$free$path$$$

$

–  for$a$typical$place$in$the$ISM$$(n,T)$=$(1cmO3,$T~104K)$the$collision$

Kme$is$45$years$

$

Jeans$Length$and$Mass$

•  Jeans$Length$$(smallest$

size$that$collapses)$$

λJ~sqrt(kT/Gρm)$

•  Jeans$Mass$:$(smallest$

mass$that$collapses)$

•  Mj~ρL3$~T3/2ρ�1/2$



A$Bit$of$PhysicsOTimeScales$$

For$a$sphere$of$gas,$if$thermal$pressure$is$balanced$by$selfOgravity$

the$Kmescale$to$collapse$(the$Jeans(+me)$

•  $τJ~1/sqrt(4πGρ) which$is$similar$to$the$free$fallKme$($S&G$eq$

3.23)OThe$free;fall%0me%tff$is$roughly$the$Kme$that$a$gas$

cloud$of$density$ρ%would$take$to$collapse$under$its$own$

gravity$$(Also$see$MWB$pg$14)$

$$$$$$τff=(3π/32Gρ)1/2$$$=$4.4$x$104$$yr$/sqrt{nH$/106}$if$gas$is$hydrogen$

•  Jeans%length%λJ$=$cs$Sqrt(π/Gρ)%%%%%S&G%2.24%
nH$is$the$parKcle$density$

ρ$is$the$mass$density$

$

hwps://en.wikipedia.org/wiki/Jeans_instability;$$

Simplest$DerivaKon$of$Jeans$Collapse$$

•  Consider$N$atoms$of$mass$min$a$box$of$size L$and$temperature$T$

•  Thermal$energy$in$cloud$is$ETh~kTN;$N$is$the$number$of$parKcles,$T$is$

the$temperature$

•  The$gravitaKonal$(binding)$energy$U~GM2/ L$$
•  RaKo$is$Eth/U~GM2/LNkT~G(ρL3)m/LkT= L/ LJ$if Lj~sqrt(kT/Gρm)$

•  To$collapse$the$internal$energy$<binding$energy$$
•  Gravity$wins$when$U>Eth$ L> Lj;$Pressure$wins$for$ L$< LJ$$

$

Large(cool(dense(regions(collapse.$

$

$If$the$mass$of$a$cold$cloud,$Mcl,$exceeds$the$Jeans$mass,$MJ,$it$is$

subject$to$collapse$under$its$own$gravity$



Jeans$Mass$MBW$Sec$4.1.3$pg$167$$

•  Jeans$length λJ=$distance$a$sound$wave$can$travel$in$a$
gravitaKonal$free$fall$KmeO$tff$~(Gρ)

−1/2.$$

•  For$cs=$sound$speed$λJ=cssqrt(π/Gρ)$
$cs=(5kT/3m)1/2$where$m$is$the$mass$of$the$parKcle$

=sqrt(5kT/4mπGρ)$$
$

Full$up$perturbaKon$stability$analysis$hwps://

ay201b.wordpress.com/2011/04/12/courseOnotes/

#the_jeans_mass$

Simple$DerivaKon$of$Jeans$Collapse$S&G$8.5.1$

•  KineKc$energy$in$cloud$is$KE=(3/2kT)N;$N$is$the$number$of$parKcles,$T$

is$the$temperature$

•  The$gravitaKonal$(binding)$energy$U=O3/5GM2/R$(uniform$density$

sphereO$derivaKon$later$in$class)$$

•  Using$the$viral$theorem$(lots$more$later)$$

$$$$$system$is$in$equilibrium$if$3NkT=(3/5)GM2/R$

•  So$to$collapse$the$internal$energy$<binding$energy$$
•  Assume$all$the$mass$is$in$hydrogen$with$a$mass$m$per$parKcle$

•  then$to$collapse$MJ>(5kT/Gm)3/2(3/4πρ)1/2$where ρ$is$the$density$(e.g.$
(M/[4/3pπr3])$

•  MJ$is$called$the$Jeans$mass$$$

hwp://scienceworld.wolfram.com/physics/JeansLength.html$

$

$If$the$mass$of$a$cold$cloud,$Mcl,$exceeds$the$Jeans$mass,$MJ,$it$is$

subject$to$collapse$under$its$own$gravity$



Next$PresentaKon$Monday$Oct$2$

•  QUALITATIVE(INTERPRETATION(OF(GALAXY(
SPECTRA(J.$Sánchez$Almeida$et$al$ApJ$756,163$

•  This$is$a$very$didacKc$arKcle$on$interpretaKon$of$
galaxy$spectra$–$

•  please$focus$on$the$diagnosKc$from$ISM$emission$

lines$and$secKon$6$$

•  $Jialu$Li$(next$is$Weizhe$$Liu,$and$then$Liz$TaranKno)$$

The$ISM$in$Spirals$$is$DYNAMICO$

Driven$by$Star$FormaKon$•  There is strong 
interaction 
between the 
different phases of 
the ISM and 
feedback between 
star formation and 
the rest of the ISM 

•  There is lots of 
complex non-
linear effects (and 
lots of jargon)  

Fabian$Walter$$

The$ISM$in$$ellipKcals$is(not$dynamic$in$the$same$way;$AGN$seem$

to$be$more$important$in$influencing$the$physical$status$of$the$gas$



How$Does$One$Observe$the$ISM$(sec$

5.2$in$S&G)$$
•  OpKcal/UV$
– wide$variety$of$
emission$and$

absorpKon$$lines$from$

ionized$metals$(C,N,O$

etc)$O$gas$is$

photoionized$

•  SoU$xOray$
•  conKnuum$and$

emission$lines$from$

T~106O107k$gas$(spirals$

and$ellipKcals)$O$gas$is$

collisionally$ionized$

•  MillimeterO$molecular$

lines$$

•  γEray(
•  interac+on(of(cosmic(
rays(with(gas((

LMC$in$soU$xOrays$

γOray$Map$of$LMC$

Spiral$ISM$'States'O$f$is$the$filling$

factor$
•  Molecular$Medium$(MM):$T~20$K,$n$>$103$cmO3,$f(<(
1%.(

–  $The$MM$is$mostly$cold$dense$molecular$clouds$which$

are$$gravitaKonally$bound.$This$phase$contains$much$of$

the$ISM$mass,$but$occupies$only$a$very$small$fracKon$of$

the$ISM.$

•  Cold$Neutral$Medium$(CNM;$T~100$K,$n~20$cmO3,$f$

=2$O$4%).$

–  $The$CNM$is$distributed$in$rather$dense$filaments$or$

sheets,$occupying$a$minor$fracKon$of$the$ISM.$The$CNM$

is$most$readily$traced$by$HI$measured$in$absorpKon.$

•  $Warm$Neutral$Medium$(WNM;$T~6000$K,$n~$0.3$

cmO3,$f~30%)$

– This$phase$provides$the$bulk$of$the(HI$seen$in$emission$

line$surveys$



Spiral$ISM$'States'O$f$is$the$filling$

factor$
•  O$Warm$Ionized$Medium$(WIM;$T$~8000$K,$n$~0.3$

cmO3$$f~15%).$

–  $associated$with$HII(regions,$but$a$considerable$fracKon$
of$the$ISM$outside$of$HII$regions$$is$also$filled$with$

ionized$gas.$

•  $Hot$Ionized$Medium$(HIM;$T~106$K,$n~10O3$cmO3$,$

f~50%).$ $The$hot$gas$produced$by$supernova$

explosions$and$their$aUer$effects$(in$spirals),$other$

physics$in$ellipKcals$$O$long$cooling$Kme$,$a$large(
frac+on(of(the(ISM$is$filled$with$this$$component$

but(low(total(mass.$

hwp://ned.ipac.caltech.edu/level5/March01/Brinks/

Brinks4.html$ HII$Region$



Line$Emission$from$Hydrogen$(MBW$476O478)$

•  $Balance$the$flux$F$(number$of$photons$per$unit$Kme)$$by$the$

recombinaKon$rate.$

•  F=αΒNpNeV;$αΒ$is$the$recombinaKon$coefficient,$Np$is$the$proton$

density,Ne$is$the$electron$density,$V$is$volume.$

•  If$the$region$is%op0cally%thin$the$line$emission$corresponding$to$a$

transiKon$between$states$1$and$2$is$$

•  L12=hν12VNpNeαΒ*

•  This$gives$for$T=104K ; h= Plancks$constant;$V=colume *

F=0.45hNpNeVνHα  and Ηα/Ηβ=3.8*
•  $$$$(Thus,(by(measuring(the(luminosity(of(a(HII#region(in(a(

recombina+on(line,((which(can(be(used(to(infer(the(number(of(

ionizing(photons(and(thus(the(number(of(O,B(stars.*

Hα$Emission$in$the$MW$$



Other$Strong$Lines$$

HII$Region,$Blair$et$al$1982$

SuperNova$Remnant$,$Blair$et$al$1982$

ISMO$Phases$
•  Hot$ionized$medium$(e.g.$XOrays)$

•  Warm$ionized$medium$HII$region(e.g.$Hα)$
•  Warm$neutral$medium$(e.g.$HI$emission)$

•  Cold$neutral$medium$(e.g.$HI$absorpKon)$

•  Molecular$medium$(e.g.$CO)$

These$phases$have$different$distribuKons$perpendicular$to$the$planeO$scale$height$$

Fabian$Walter$



ISM$in$Spirals$$
•  The(phases(of(the(gas(are(distributed(

differently(

–  cold$(molecular)$gas$is$confined$to$$

a$thin$disk$

   ρ(z)~$0.6$exp[O(z/80$pc)2]$and$has$a$
mean$T~15k$
–  'warm'$gas$has$a$higher$scale$

height$density$distribuKon$$

ρ(z)~$0.55$*$0.2$exp[O(z/320$pc)2]$$
   where$z$is$the$distance$above$the$

disk$midplane$$

has$a$mean$T~5000k$

   Roughly$magneKc,$cosmic$ray,$and$

dynamical$pressures$are$equal$

~10O12$dyne$midOplane$

total$gas$density$in$MW$

vs$height$above$the$disk$(blue)$

warm$gas$in$red$$

Cox+Reynolds$ARA&A$1987$25,303$

ISM$in$Spirals$

•  The$ISM$is$energized$

primarily$by$stars$

(starlight$(dust),$

stellar$winds,$

supernovae$

•  UV$starlight$
photoionizes$atoms$&$

dissociates$molecules;$

photoOejected$

electrons$heat$gas$

•  SN$shocks$heat/
ionize/accelerate$gas$

&$are$largely$

responsible$for$the$

ISM's$complexity$in$

spirals.$

See$lecture$notes$by$$

Fabian$Walter$$for$$

lots$more$detail$(on$class$

web$page)$$



ISM$in$Spirals$

•  The$interstellar$
medium$near$the$

Sun$has$large$

scale$structures$of$

bubble$walls,$

sheets,$and$

filaments$of$warm$

gas.$

•  The$remainder$of$

the$volume$is$in$

bubble$interiors,$

caviKes,$and$

tunnels$of$much$

lower$density,$

observable$via$XO

ray$emission$(Cox$

ARA&A)$

1500 ly

Norbert Schulz

Fabian$Walter$

in$H$α*



From$H.$Rix$and$F.$Walter$



The$ISM$

•  The 5 'states' are in dynamic interaction. !
•  The coldest, densest phase is    molecular and the 

densest (hydrogen molecules, CO, NH3 and other 
molecules)- this is where stars form .  !



Molecular$Lines$
•  Molecular$clouds$are$very$rich$in$spectral$features$

from$a$wide$variety$of$moleculesO$lots$of$

informaKon$

•  Some$of$the$lines$(CO)$are$so$strong$that$they$can$

be$seen$at$high$redshiU$

How$do$Molecules$Emit$

RadiaKon$$
•  Emission$is$primarily$from$

rotaKonal$and$vibraKonal$

levels$$

–  Millimeter$emission:$

rotaKonal$transiKons$

•  $AbsorpKon:$$vibraKonal$

transiKons$

$LimitaKon:$need$background$IR$

source$=>$only$info$along$line$

of$sight$

$

•  Earth�s$atmosphere$prevents$

observaKons$of$key$molecules$

from$ground:$H2O,$O2,$CO2$

Ewine$F.$van$Dishoeck$

MM$emission:$LimitaKon:$molecule$must$have$

permanent$dipole$moment$=>$cannot$observe$H2,$

C2,$N2,$CH4,$C2H2,$…$

Advantage:$many$molecules$down$to$low$

abundances$



Richness$of$Far$IR$Spectra$of$ISM$$
•  More$than$145$lines$,$most(of(them(rota+onally(excited(lines(from(abundant(molecules:(

•  $38$12CO$lines$(up$to$J=42O41$37$lines$of$both$oOH2O$and$pOH2O$(up$to$818O717),16$OH$lines$12$
13CO$lines$(up$to$J=16O15)$and$several$HCN$and$HCO+$lines$Goicoechea$et$al$$2015$ApJ$799$

102$;$brightest(line(is([OI](at(63µ((

Molecular$Gas$at$High$RedshiU$

•  ObservaKons$of$
CO$at$z=4.69$

when$the$

universe$was$$

2.1$Gyrs$old$

•  ALMA$can$

observe$CO$

lines$from$

luminous$star$

forming$

galaxies$at$high$

redshiU$$



H$II$Region$$

•  Regions$of$ionized$
gas$around$hot$

stars$

•  Complex$relaKon$to$

star$formaKon$(see$

pg$28$in$S&G)$

HII#Region#

OpKcal$spectrum$of$HII$Region$$

•  OpKcal$spectrum$show$lines$due$to$[OII].$[OIII],Hα,$[NII],$etc$$$

•  the$[..]$symbol$means$a$forbidden$line$which$only$arises$in$low$density$gas$

•  RelaKve$poverty$of$lines$compared$to$mm$and$far$IRO$BUT$very$large$data$sets!!$



Next$PresentaKon$$

•  Planck$intermediate$results.$XIX.$An$overview$

of$the$polarized$thermal$emission$from$GalacKc$

dust$2015A&A...576A.104P$1405.0871.pdf$(120$

citaKons$in$1.5$years)$$

•  Weizhe$$Liu,$and$then$Liz$TaranKno$,David$

Vermilion,$$and$Thoma$sWhalen,$$$

•  This$is$a$complex$and$long$paper$(skip$2.2.O2.5$

and$3.3,4.3,4.4$$

– please$focus$on$$
•  what$does$polarizaKon$tell$us$about$dust$and$the$
magneKc$field$of$the$MW$(may$also$want$to$look$at$the$

companion$paper$$2015A&A...576A.106P$sec$1$(intro)$

and$8$$(conclusions))$$

•  why$is$the$magneKc$field$important$$$

$

Metallicity$in$Gas$$
•  How$does$determine$it$?O$Use$HII$

region$spectra$$(ionized$gas$around$

hot$young$stars)$:$measure$oxygen$

lines.$$ $$

–  O$is$an$$αOprocess$element$made$

in$shortOlived$massive$stars$and$

is~50%$of$all$the$heavy$elements$

by$mass$

•  $$thus$representa+ve$of$all$
the$heavy$elements$made$in$

type$II$SN$ $$

–  need$to$measure$line$strengths,$

electron$temperature,$density$to$

get$ionizaKon$structure$of$the$

gas.$

•  More(massive(galaxies(tend(to(be(

more(metal(rich(

log$Massstars$

GAMA$collaboraKon$Foster$et$al$

2012$$$

$$

MW$



Gas$CoolingO$Physical$Processes$

•  Collisional$excitaKon:$free$electron$impact$knocks$a$

bound$electron$to$an$excited$state;$it$decays,$

emiÜng$a$photon.$

•  Collisional$ionizaKon:$free$electron$impact$ionizes$a$

formerly$bound$electron,$taking$energy$from$the$

free$electron.$

•  RecombinaKon:$free$electron$recombines$with$an$

ion;$the$binding$energy$and$the$free$electron's$

kineKc$energy$are$radiated$away$$

•  FreeOfree$emission:$free$electron$is$accelerated$by$

an$ion,$emiÜng$a$photon.$(A.k.a.$Bremsstrahlung)$

$$$


