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ABSTRACT

InMeidtetal.(2018),weshowedthatgaskinematicsonthescaleofindividualmolecularclouds
arenotdominatedbyself-gravitybutalsotrackacomponentthatoriginateswithorbitalmotionin
thepotentialofthehostgalaxy.Thisagreeswithobservedcloudlinewidths,whichshowsystematic
variationsfromvirialmotionswithenvironment,pointingattheinfluenceofthegalaxypotential.
Inthispaper,wehypothesizethatthesemotionsacttoslowdownthecollapseofgasandsohelp
regulatestarformation.ExtendingtheresultsofMeidtetal.(2018),wederiveadynamicalcollapse
timescalethatapproachesthefree-falltimeonlyoncethegashasfullydecoupledfromthegalactic
potential. Usingthistimescalewemakepredictionsforhowthefractionoffree-falling,strongly
self-gravitatinggasvariesthroughoutthedisksofstar-forminggalaxies. Wealsousethiscollapse
timescaletopredictvariationsinthemoleculargasstarformationefficiency,whichisloweredfroma
maximum,feedback-regulatedlevelinthepresenceofstrongcouplingtothegalacticpotential.Our
modelimpliesthatgascanonlydecouplefromthegalaxytocollapseandefficientlyformstarsdeep
withinclouds. Weshowthatthisnaturallyexplainstheobserveddropinstarformationrateperunit
gasmassintheMilky Way’sCMZandothergalaxycenters.Themodelforagalacticbottleneckto
starformationalsoagreeswellwithresolvedobservationsofdensegasandstarformationingalaxy
disksandthepropertiesoflocalclouds.
Subjectheadings:

1.INTRODUCTION

Uncoveringtheconditionsfortheonsetofstarforma-
tionwithinmoleculargasisoneoftheprincipalout-
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UniversiẗatHeidelberg, M̈onchhofstraße12-14,69120Heidelberg,
Germany
5DepartmentofAstronomy,TheOhioStateUniversity,140 W.

18thAve.,Columbus,OH43210,USA
6DepartmentofPhysics,UniversityofAlberta,Edmonton,AB,

Canada
7Max-Planck-Institutf̈urextraterrestrische Physik, Giessen-

bachstraße1,85748Garching,Germany
8CNRS,IRAP,9av. duColonelRoche,BP44346,F-31028

Toulousecedex4,France
9Universit́edeToulouse,UPS-OMP,IRAP,F-31028Toulouse

cedex4,France
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standingissuesattheintersectionofmodernstarfor-
mationtheoryandobservation. Whereandhowstars
form(ordonotform)isakeyingredientinmodelsof
galaxyformationandevolutionthatmustbetightlycon-
strainedinordertoproperlycalibratemodelsof(stellar
andAGN)feedbackanditsimpactonthecoldgasreser-
voirsofgalaxiesovercosmictime.
Oneofthecornerstonesofstarformationtheoryis
theobservedinefficiencyoftheprocess.Ittakes2−3
ordersofmagnitudelongerthanthefree-falltimefor
themoleculargasinatypicalgalaxytobeconsumed
bystarformation(Zuckerman&Evans1974). There
aretwoconceptstoexplainthislowglobalefficiency.In
thefirst,thestar-formingmediumisorganizedintocold
anddense,roughlyvirializedclouds,eachofwhichforms
starsbutwithanoveralllowefficiency(i.e., Elmegreen
2002;Krumholz&McKee2005;Krumholzetal.2012).
Inthesecond,starformationisrarebutintrinisicallyef-
ficient,whileonlyasmallportionofthecoldgasreser-
voiriseverinastatetoundergostarformation(i.e.,
Padoan&Nordlund2011;Federrath&Klessen2012;
Hennebelle&Chabrier2013;Semenovetal.2017,2018).
Inbothcases,feedbackfromnewlyformedstarsis
thoughttoplayapivotalroleeitherbyrestrictingthe
conversionofgasintostarsorbylimitingthestar-
formingreservoir. Manyobservationaleffortstodistin-
guishbetweenthemhavethereforeleveragedthesubtle
differencesingaspropertiespredictedinthetwoscenar-
ios(c.f.,Hopkins2013).
Initially,surveysofextragalacticcloudpopulations,
firstfromwithintheLocalGroup,indicatedthatclouds
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obeya well-definedsize–linewidthrelationship(e.g.,
Larson1981;Solomonetal.1987;Bolattoetal.2008)
andthusappearapproximatelyvirialized(Fukui &
Kawamura2010). Basedontheseobservations,clouds
havebeentreated—muchlikevirializedstellarclusters—
asballisticobjectswhoseinternalkinematicsarelargely
decoupledfromthelarge-scalemotionsofmaterialor-
bitinginthehostgalaxypotential.1

Inthiscontext,stellarfeedbackprovidesakey
sourceofinternalmotionsthatcanmaintainthenear-
equilibriumvirialstate,asitactstoreplenishthesemo-
tionsinthefaceofrapiddissipationofturbulence(e.g.,
Zuckerman&Evans1974).Otherinterpretationsforthe
originofthesize–linewidthrelationincludepureincom-
pressibleorshock-dominatedturbulence(Elmegreen&
Scalo2004;McKee&Ostriker2007).
Morerecentstudieshaveemphasizedthatvirialized
cloudsandgravitationallycollapsingcloudsarehard
todistinguishobservationally(Vazquez-Semadenietal.
2008;Ballesteros-Paredesetal.2011a;Ibanez-Mejiaet
al.2016). Thesestudiessupportamoredynamicview
ofthestar-formingreservoirinwhichcollapseisperva-
sive(Burkert&Hartmann2013;Elmegreen2018).In
thiscontext,feedbackonceagainplaysacriticalrolein
limitingtheefficiencyofstarformationbyactingacross
arangeofspatialscales:itdirectlyinfluencesgasatthe
highestdensitieswherestarformationoccurs(Hopkins
2013),limitstheevolutiontowardthosehighdensities
(Elmegreen2018),anddispersescloudspreventingfur-
therstarformation(Semenovetal.2017,2018;Kruijssen
etal.2019b;Chevanceetal.2019;Rahneretal.2019).
Fromthisperspective,thedynamicalstateofthegas
ondifferentscalesisasensitivepredictoroftheonsetof
collapseandstarformation(Dobbsetal.2011;Padoan
etal.2012,2014;Semenovetal.2017,2018). Modern
probesofthephysicalpropertiesof molecularclouds
acrossadiversityofgalacticenvironmentsarebegin-
ningtorevealsuchalink(Meidtetal.2013;Leroyetal.
2017;Colomboetal.2018;Utomoetal.2018;Schruba
etal.2019),startingwiththeobservationthatmolec-
ulargasinsomeenvironmentsisnotalwaysorganized
entirelyintolong-lived,virializedclouds(e.g.,Hughes
etal.2013;Colomboetal.2014; Meidtetal. 2015;
Kruijssenetal.2019b;Chevanceetal.2019). Devia-
tionsfromapproximatevirializationconsistentlyoccur
inenvironmentswithhighshear,shortorbitaltimes,
deepstellarpotentialwellsbutalsolowpressureenvi-
ronments(Kruijssenetal.2014;Leroyetal.2017;Sun
etal.2018)andmaybepartiallylinkedtolocalhydro-
staticmidplanepressureinthegasdisk(Okaetal.2001;
Rosolowsky&Blitz2005;Heyeretal.2009;Fieldetal.
2011;Schrubaetal.2019,J.Sunetal.,inprep.).
Herewetaketheviewthatvariationsinthegasdy-
namicalstateariseaspartofthedynamicnatureofthe
star-forminggasreservoir. Withourtreatmentofthree-
dimensional,cloud-scalegasmotionsinthefirstpaper
ofthisseries(Meidtetal.2018;hereafterPaperI)the
observedlinewidthsandvirialparametersofcloudsare
describedasreflectingacombinationofmotionsinthe

1Theinternalvelocitydispersionofcloudshasbeentreatedas
aconsequenceofthecollisionsofcloudsastheyorbitthegalaxy
(Jog & Ostriker1988; Gammie, Ostriker &Jog1991),butthe
orbital motionsinthisscenariodonotapplytothe motionsof
materialwithintheclouds.

galacticpotentialandthecloud’sself-gravitationalpo-
tential.Inthispicture,departuresfromvirializationin-
dicateasystematicimbalanceofgravitationalenergies
oncloudscales,signifyingweaklyself-gravitatinggas.
Thebalanceisalteredonsmallscalesathighdensity
withinthecloudinterior,whereself-gravitydominates
andthegasdecouplesfromthegalacticpotential.
Thecouplingofgasmotionstothegalaxypotentialin
thisframeworkresonateswiththedynamicallyevolving
molecularcloudsinthehighresolution,fulldisksim-
ulationsofDobbs&Pringle(2013)thatcapturethe
thermalevolutionofthegasandfeedbackfromstar
formationdowntothecloudscale. Thesesimulations
show moleculargaspassingsmoothlybetweenbound
andunboundstates,withthecloudboundaryacon-
stantlyevolvingsurfacethatappearsanddisappearsas
cloudsinteractwiththeirsurroundings.
Theimpactthatthiscyclinghasontheefficiencyof
starformationhasbeenexaminedmoreexplicitlyinthe
cloud-scalesimulationsofSemenovetal.(2017,2018)
andinthestatisticalformalismofKruijssen&Long-
more2014andKruijssenetal.2018.Intheirframe-
work,thecyclingofgasbetweenstar-formingandnon-
star-formingstatesissetbythetimegasspendsina
star-formingstate,whichislimitedeitherbyfeedbackor
bydynamicsactingtodisperseclouds(alsoseeJeffreson
&Kruijssen2018).Inthispaper,weusetheframework
developedinPaper1toadvanceanadditionalregula-
torymechanismandconsiderhowcyclingisaffectedby
thetimespentbeforegasreachesastar-formingstate.
Themodelweintroducedescribesabottlenecktoself-
gravitationandcollapseimposedbyorbitalmotionsin
thegalacticpotential.
Thispaperisorganizedasfollows. Webeginbysum-
marizingourthree-dimensionalmodelforinternalcloud
motionsthatoriginatebothwiththeself-gravityofthe
gascloudandwithorbitalmotionsarrangedbythe‘ex-
ternal’potentialdefinedbythelarge-scaledistribution
ofgas,starsanddarkmatter(§2). Usingthisframe-
work,wederivethedynamicaltimescaleforcollapse
whenself-gravityisopposedbytheenergyingalactic
orbitalmotions(§2.4)andidentifyregimesinwhichcol-
lapseiseitherinhibitedorprogressingnearthefree-fall
rate.Thenin§2.5weintroduceamodelforstarforma-
tionproceedingattherategivenbytheenvironmentally-
dependentcollapsetimescale.
Weuseempiricalcloudandgalaxymodels(introduced
inPaperI)toexplorehowthepropertiesofthehost
galaxyhelpregulatingtheonsetofcollapse(§3)andthe
efficiencywithwhichgasisobservedtoformstars(§4).
Inordertohighlightthedegreetowhichcloud-scalevari-
ationsinthestarformationefficiency(SFE)reflectthe
bottleneckimposedbythedecouplingofgaskinematics
fromgalacticorbitalmotions,weassumeauniversal,di-
mensionlessconversionefficiencythatwecalibratefrom
observationsoflocalcloudsintheMWdisk(§4.1).
Weclosebydiscussingin §5howthegalacticbottle-
necktostarformationcontributestotheobserved,long
moleculargasdepletiontimesonlargescalesingalax-
ies.Inthatsection,wealsodiscusshowgravitationally-
induced,turbulentmotionscoupledwithstarformation
feedbackleadtoapictureinwhichthegalaxypartici-
patesintheregulationofstarformation.
Additionalmaterialtosupplementthepredictionsof



3

themodelgiveninthemaintextisincludedintwoAp-
pendices.Toestimatethestarformationrate(SFR)in
gaswithagivendensitydistribution,inAppendixA,we
calculatethescalingfactorthatrelatestheintegrated
SFRofacloudtotheSFRestimatedfromproperties
measuredonsomescaleRc,whichdependsonthedis-
tributionofmaterialinthecloud(seeTanetal.2006;
Burkhart2018).InAppendixB,wepresentaprediction
forhowthescaleatwhichgravitationalcollapseandstar
formationoccursvarieswithgalacticenvironmentgiven
thebalanceofgravitationalenergiesinthegas.InAp-
pendixC,wepresentscale-dependentexpressionsforthe
linkbetweenSFEandgasvelocitydispersiondepending
onthestrengthofself-gravity.

2.THE MODEL

2.1.Thedynamicalcouplingofcloudstotheirgalactic
environment

Inlightoftherecentobservationalchallengestothe
virialized‘isolatedcloud’viewofmoleculargasstruc-
ture(Hughesetal.2013;Colomboetal.2014; Meidt
etal.2013;Leroyetal.2017;Sunetal.2018;Schruba
etal.2019),inPaperIwerevisitedthequestionofthe
couplingofcloudstotheirsurroundings.
Theideathatthegasoncloudscalesshouldbede-
coupledfromitsgalacticenvironmentislargelybased
ontheexpectationthatregionssmallerthantheToomre
scaleareabletocollapsewhereasregionslargerthanthe
Toomrescalearestabilizedbyrotation.Inthisframe-
work,rotationisassumedtoberestrictedtothedisk
plane,asitsstabilizinginfluenceappliesonscalesmuch
largerthanthediskthickness.
WiththeframeworkadoptedinPaperI,however,we
aimtodescribethemotionsofgasembeddedwithinthe
disk,wherethediskitselfisembeddedwithinanexter-
nalpotential.2 Wethereforeadoptapictureinwhich
theorbital motionsframedbythebackgroundgalac-
ticgravitationalpotentialaredistributedwithinthree
dimensions.Thesemotionsreflectthepresentdistribu-
tionoforbitalenergiesinthegasthatisassumedtobe
constantlyevolving,setbyaninitialaccretionleveland
ahistoryofdissipation,torquesandadvection(seee.g.
Krumholzetal.2017),andpresumablyalsoshapedby
theenergyinjectedbystellarfeedback.
Fromthisperspective,wearguedthatinternalcloud
motionsreflectgalacticorbitalmotions(unlikeinthe
limitofonlytidaleffectsthatlargelyappliestodense
stellarclusters). Thekinematicresponseinthiscase
(intheabsenceofself-gravityorothernon-gravitational
forces)isidenticaltobasicepicyclicmotionsasmaterial
orbitsthegalaxypotential.
Ourdescriptionincludesbothin-planemotionsaswell
asverticalepicyclicmotions.Thelatterdescribeorbits
notentirelyrestrictedtothemid-plane,whichmakean
importantcontributiongiventhespatialextentofmolec-
ularcloudscomparedtothetypicalverticalheightof

2Theinfluenceofanexternalpotentialondiskstabilityaspa-
rameterizedbytheToomrecriterionhasbeenexaminedbyJog
(2010(@). Notethatanumberofotherstabilitycriteriahave
beenintroducedformultiple-component(starandgas)disks(e.g.,
Jog&Solomon1984;Rafikov2001;Elmegreen2011), mostlyto
quantifythedestabilizinginfluenceofgasonthecombinedsys-
tem. In manyofthesecriteria,theinfluenceofdiskthickness
(Toomre1964;Bertin&Romeo1988)andverticalmotionsinthe
gas(Romeo1992)arealsoincluded.

galaxydisks.Inthisscenario,onlythenon-intersecting
orbitswillbepopulatedbygas,eventuallyhelpedto
settleintotheplaneoverlongtimescales(manyor-
bitalperiods)byturbulentandcollisionalviscosity(e.g.
Steiman&Durisen1988;Katz&Rix1992).Thusween-
visionthattheepicyclicmotionsinthegasdescribemo-
tionsaboutnon-intersectingnon-circularorbits,suchas
thoseconfiguredbywell-definedbarandspiralarmpat-
terns(thoughwiththepotentialforoverlaprestricted
todynamicalresonances,whereorbitgeometriesareal-
tered).
Observationsofordered motionsoncloudscales
throughout moleculargasdisks(P.Langetal., ApJ
subm.) doindeedsuggestthatgasispopulating
non-intersectingorbitstolowestorder,sincepervasive
shockingandviscousandgravitationaltorqueswould
otherwiseconsiderablyrearrangethegasintoa more
centrally-concentrateddistribution,andvirialorcol-
lapse motionswouldbeconspicuous. Morequantita-
tively,inPaperIwefoundthatobservedvelocitydis-
persionsinexcessofwhatisexpectedfromvirialized
orself-gravitatingcloudsareconsistentwithacontribu-
tionfromunresolved,orderedmotionspredictedbyour
model.
Thepictureof3Dgalacticmotionshypothesizedin
PaperIthusappliesthesamemotionsresponsiblefor
stabilizinggasonlargescales,asdescribedbythe
Toomrecriterion,tothe3Dkinematicsofgasatand
belowthecloudscale.Althoughgreatlyreducedinmag-
nitudeonthescalesofGMCs,these3Dorbitalmotions
remainlargeenoughthattheyarecomparabletothemo-
tionsneededtosupportgasagainstitsownself-gravity
oncloudscales(seeFigure1).
Ourestimationofthesemotionsisasfollows.Asde-
scribedinPaperI,weareinterestedinaccessingthe
contributionofcoherentorbitalmotionstotheinternal
motionsofcloudsthroughtheirobservedvelocitydis-
persions.Forthemodelsofcloudstructureexaminedin
PaperI,thedensity-weightedsecondmomentoftheve-
locitydistributionacrossacloudofsizeRcintheplane
andverticalextentZcyields

3σ2gal≈(κRc)
2+2(ΩRc)

2+(νZc)
2, (1)

whereσgaldenotestheone-dimensionalvelocitydisper-
sionassociatedwithgasmotionsinthegalacticpotential
onthescaleofacloud. Wehaveignoredfactorsoforder
unitythataccountfortheinternaldensitydistribution.
Herethefrequencyofverticaloscillations

ν2=
∂2Φ(z)

∂z2
≈2πGΣtotz

−1
0 (2)

generallyexceedsthefrequencyofradialoscillationsin
theplanewithinthemaindiskenvironmentoftypical
nearbygalaxies(exceptwithingalaxycenters;seePa-
perI).Theexpressionfortheradialoscillationsinpolar
coordinatesis

κ2=
∂2Φ(R,φ)

∂R2
=4Ω2+R

dΩ2

dR
(3)

=2Ω2(β+1), (4)

withthelogarithmicderivativeoftherotationcurveβ=
∂(lnVrot)/∂(lnRgal)measuringrotationcurveshear.
AsdiscussedinPaperI,thedissipativeandturbu-
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lentnatureofgasisnotexplicitlyincorporatedintothe
modelandisexpectedtoleadtodeviationsfromthe
purelygravitationalkinematicsdescribedhere.Shocks
anddissipationand/orinstabilitiesinthegas(e.g.,Sell-
wood&Balbus1999;Huber&Pfenniger2001; Wada,
Meurer&Norman2002;Kimetal.2003;Kim&Os-
triker2006;Vazquez-Semadenietal.2006;Krumholz&
Burkert2010;Krumholz&Kruijssen2015;Sormaniet
al.2017)willtransformordered,galaxy-drivenmotions
intoturbulentmotions. Theformalismpresentedhere
providesanestimateofthemagnitudesoftheseturbu-
lentmotionsundertheassumptionthattheyaredriven
continuouslyfromtheorbitalenergydistributionofthe
gasframedbythebackgroundgalaxypotential.

2.2.Decouplingfromthegalacticpotentialasa
bottlenecktostarformation

Ifsomenon-negligiblepartoftheinternalmotionsof
cloudsreflectsmotionsinthehostgalaxypotential,as
hypothesizedinPaperI,thenthedecouplingofmolec-
ulargasfromtheenvironmentispotentiallyakeybot-
tleneckfortheprocessofstarformation.Theideathat
starformationinmoleculargasisinfluencedbymotions
inthegalacticpotentialhassofarbeenmostclearlyin-
spiredbyobservationsofgalaxycenters,whereorbital
timesareshort,tidesarestrongandcircularvelocities
varyrapidly(e.g.,Downes&Solomon1998;Kruijssen
etal.2019). Theformalismpresentedintheprevious
sectionoffersadescriptionofthisinfluenceandextends
italsotothenormaldiskenvironment.
Aswillbedescribedinmoredetailintheupcoming
sections,inthispaperweuseourmodelofgaskinemat-
icstorelatetherateatwhichgasformsstarstothe
strengthofitscouplingtothegalacticpotential. We
dothisbydescribingasmoothtransitionbetweentwo
regimes,oneinwhichthecollapseofgasisregulatedby
self-gravityandoneinwhichcollapseisslowed(oreven
prevented)bymotionsinthegalacticpotential.Inthe
model,starformationsetsinwithacharacteristictime
setbythefree-falltimeofthegasonlyoncethecloud
decouplesfromitsenvironment.
Asanelementfundamentaltothestarformationpro-
cess,thecollapseinourmodelismeanttoresemblethe
pervasivecollapseenvisionedbyBurkert&Hartmann
(2013)andElmegreen(2018).Inour3Dframework,the
galacticmotionsthataremostinfluentialonthelargest
scaleshaveaslowinginfluenceoncollapseofgasclouds.
Thusthecollapsethatoccursincloudsinthepresent
scenarioisnotexclusivelyfree-fallanditsetsinatden-
sitiesthatdependonlocationinthegalaxy.Thisleads
tovariationsintheefficiencyofstarformationtolevels
lowerthanpredictedinthecaseoffree-fallcollapse.
Atthebasisofthedescriptionweintroducehereis
theideathatoncegasdecouplesfromthegalacticgrav-
itationalpotentialitgainstheabilitytocollapse. We
willcallthiscollapse’free-fallcollapse’todistinguish
itfromthe’inhibitedcollapse’characteristicofweakly
self-gravitatinggas.However,free-fallisfarfromguar-
anteedasaresultofother(non-gravitational)factors
thatcanstillopposecollapse. Wechoseaconventionin
whichtheactionofthesefactorsisparameterizedbya
starformationefficiencyperfree-falltime thatismuch
lessthanunity,andusethefree-falltimeasthechar-
acteristicstarformationtimescale. Wefindthatthis

approachoffersastraightforwardwaytoisolatetherole
ofgalacticmotions.Laterwewillusethisapproachto
investigatethedegreetowhichtheenvironmentalvari-
ationsincloud-scalestarformationefficienciesdetected
byobservationsandsimulations(e.g.,Dobbs&Pringle
2013;Leroyetal.2017;Utomoetal.2018;Schrubaet
al.2019;Chevanceetal.2019)canbeattributedtothe
galacticbottleneck.

2.3.Therelativestrengthsofgravitationalpotential
energieswithinclouds

Basedonthe modelof3Dcloud-scalegas motions
introducedinPaperIandsummarizedabove,weex-
pectthegalacticpotentialtoinducedifferentialmotions
acrossgasstructureswhosesizesareoftheorderoftens
ofparsecs. Bycontrastingthese motionswiththose
neededtosupportacloudagainstitsownself-gravity,
weconsiderhowthegalacticpotentialslowsthecollapse
ofgasandthustherateatwhichitformsstars.
Weexpressthedecouplingofcloud materialfrom
thegalacticpotential(andtheonsetofstrongself-
gravitation)asacomparisonofthestrengthsofthe
gravitationalpotentialenergieswithincloudsinthree
dimensions,

γ2=
Φc
Φgal

.

Thiscanbeexpressedasaratioofkineticenergies

γ2=
3σ2sg
3σ2gal

(5)

intermsofthekinematicresponseofthegastothe
galacticpotential,σgalinEq.(1)ashypothesizedinPa-
perI,andusingσsgtorepresenttheone-dimensional
cloudvelocitydispersiononscaleRassociatedwithself-
gravitythatweassumeobeys

σsg= 2π(ak/5)GΣR (6)

inthecaseofasphericalcloudwithvolumedensitypro-
fileρ∝R−kandsurfacedensityΣonscaleR. Here,
thegeometricfactoris

ak=
(1−k/3)

(1−2k/5)
(7)

followingBertoldi& McKee(1992).Inthecaseofa
homogeneous(uniformdensity)cloud,ak =1,while
isothermalcloudswithρ∝R−2haveak=5/3.
ForthemodelofgasmotionsconstructedinPaperI,
thegalacticmotionsσgalcombinewiththevelocitydis-
persionσsg,withσsgenvisionedintwodifferentways.In
thefirst,motionsrepresentthecollapseresponseofthe
gasinenergyequipartition(followingVazquez-Semadeni
etal.2008,Ballesteros-Paredesetal.2011aandIbanez-
Mejiaetal.2016),inwhichgasself-gravityisconverted
intokineticenergyduringcollapse.Inthesecond,σsg
representstheturbulentvelocitydispersioninthegas
(arisingfromavarietyofsources)assumingthatthe
turbulentenergybalancesthegasself-gravityinanequi-
libriumscenario.Inthispaper,σsgisusedexclusively
asameasureofgravo-turbulentcollapsemotionssetby
thestrengthofself-gravity.
Likewise,inestimatingtherelativestrengthsofgrav-
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itationalenergies,weuseσgalinthedenominatorof
Eq.(5). Wefurtherreplaceσgalbyitsequivalentexpan-
sionintheepicyclicapproximation(Eq.(1))assuming
thatcloudsareapproximatelyspherical.Thisyields

γ2≈
2π(ak/5)GΣc

Rc(κ2+2Ω2+ν2)/3

≈
3σ2sg

R2c(κ
2+2Ω2+ν2)

, (8)

wherethesubscript‘c’denotesquantitiesdefinedona
scaleRcintheinteriorofthecloud.
Theflatnessofgalaxydisks,whichyieldsnon-isotropy
inthebackgroundpotentialoncloudscales,leadsto
non-isotropicmotionsinthesphericalcloudcasethat
provideagood matchtoobservedcloudvelocitydis-
persions(Section3.3,PaperI). Wenote,however,that
galactic motionsareroughlyisotropicforhighlyflat-
tenedcloudssothat

γ2≈
σsg
κRc

2

. (9)

Thismayalsoberelevantonthesmallestscaleswithin
thedeepinteriorsofclouds(independentofcloudge-
ometry),whereitapproximatesthelimitinwhichthe
galacticpotentialiseffectivelyisotropic.
Ingeneral,whenγ 1weexpectgalacticmotionsto
makeanincreasinglyimportantcontributiontoobserved
gasmotionswithinthecloud.Cloudsbegintodecouple
fromthebackgroundpotentialwhenlocalrotationis
matchedtointernalmotionsduetoself-gravity,i.e.,γ∼
1.Forlargervaluesofγ,theenergyin(collapse)motions
associatedwithgasself-gravitydominatesoveranyother
energypresentuntileventuallythecloudfullydecouples
fromtheexternalpotentialandbecomesstronglyself-
gravitating.

2.4.Thetimescaleforcollapseinthepresenceof
galacticorbitalmotions

InPaperI,wepresentedevidencesuggestingthatthe
orbitalmotionsofgasinthegalacticpotentialconsti-
tuteasourceof motionacross molecularcloudsthat
iscomparableinmagnitudeto(andinsomeenviron-
ments,slightlylargerthan)motionsassociatedwithself-
gravitatinggasonthescalesofindividualclouds.This
suggeststhatalmosteverywherethroughoutmolecule-
richgasdisks(within∼4Re)gasisnotstronglyself-
gravitatingonthescalesofcloudenvelopesbutonly
startingtodecouplefromthebackgroundgalacticpoten-
tial.Asaconsequence,inorderforcollapsetoproceed
efficientlyandleadtostarformation,thegasmustover-
comethenon-negligibleandcontinuoussourceofenergy
associatedwithorbitalmotionsinthegalacticpotential.
Therequiredimbalanceispossibleonlywithinthedeep
interiorsofclouds,wheretheenergyingalacticmotions
becomesnegligiblecomparedtothestrengtheninggas
self-gravityatincreasinglyhighdensities. Thisimplies
thatonlyasmallfractionofacloudwillactuallycollapse
ina(local)free-falltime,withtheremainderofthecloud
undergoingmuchslowercollapse. Thisinturnactsto
lowertheefficiencywithwhichgasformsstars.
Wecanestimatethecollapsetimescaleinthepresence
ofgalacticmotionsassumingthattheenergyinthese

motionsopposesgasself-gravity.Ourderivationadopts
theequationofmotionforasphericalshellatposition
rinauniformdensitycloudwithpotentialΦc.Inthe
absenceofanyothersourcesofenergy,thisequationof
motioncanbeintegratedtoyieldthestandardfree-fall
timetff = 3π/(32Gρc)whereρcisthegasdensity.
Themodificationweintroduceistoplacethecloudat
locationRgalinthepotentialofthehostgalaxysothat

d2r

dt2
=−∇rΦc(r)+Fng(Rgal,r)+3

σ2gal(Rgal,r)

r
.

(10)
Thetotalopposingforceinsquarebracketsonthe
rightisseparatedintotwoparts,thefirstduetonon-
gravitationalfactors(includingfeedback-driventurbu-
lenceandmagneticfields)andthesecondduetogalac-
ticmotions,whichareapproximatedusingthatΦgal=
3σ2gal/2with3σ

2
gal∝r

2asgivenbyEq.(1)inthespher-

icalcloudcase(Zc=Rc;seePaperI)withthereplace-
mentr=Rc. Weusethistowritetheopposingforce
as∇rΦgal=3σ

2
gal/r.

Forthepresentexercise,wewilldropFngwiththe
understandingthatthecollapsetimescalewederiveis
alowerlimittothetruecollapsetimescale. Withouta
preciseanalyticalmodelforhowthenon-gravitational
factorsactingwithinthegasshouldvarywithlocation
inagalaxy,weprefertoincorporatetheirinfluenceata
laterstage,whichweassumeresultsinastarformation
efficiencyperfree-falltimethatfallsbelowunity.
Figure1showsthebehaviorofthegravitationalcol-
lapsetimescaleinunitsofthefree-falltimedetermined
throughnumericalintegrationofEq.(10)withFngset
tozero.Inthelimitoflargeγ 1itcanbeshownthat
thetimefortheshelltoreachr=0is

tcoll=tff 1+
11

16

3

γ20
, (11)

wheretffisthefree-falltimeintheabsenceofallforces
besidestheforceofself-gravityandγ20 = γ

2/(ak/5),
givenourdefinitionofγinthecaseofnon-uniformgas.
Thistimescaleapproachesthefree-falltimewhenthegas
becomesmorestronglyself-gravitating(i.e.,withγ
1).
Asγdecreases,collapseslowsconsiderablymoreuntil
γ0≈2.45isreached. Beyondthispoint,thecollapse
timescalebecomesinfinite.Asweshowinthenextsec-
tion,thebehavioroftcolldependingonγleadstovaria-
tionsintheefficiencyofstarformationthatdependon
locationinthegalaxy.

2.5.Amodelforinefficientstarformation

Asinmosttheoriesofstarformation,wehypothesize
thatthetimescaleforgastocollapsesetsthecharacter-
istictimeforgastoconvertafixedfractionofitsmass
intostars,i.e.,

Ṁstars=
tcoll
dMgas, (12)

where isthedimensionlessstarformationefficiency
(discussedfurtherbelow).Inourconventionthecollapse
timescaleisexplicitlythefree-falltimeonlywhenγ 1,
i.e.,whenthegalacticpotentialisnegligiblecompared



1 2 3 4 5678910 15
1

2

3

4

5

6

7

Γ

t
c
o
l
l
t
f
f

i
n
hi
bi
te
d
c
ol
la
ps
e

sl
o
w
c
ol
la
ps
e

fr
ee
fa
ll
c
ol
la
ps
e

6

Fig. 1.—Thetimescaleforcollapsewhengasself-gravityis
opposedbytheenergyingalacticorbital motions. Theratioof
thestrengthofself-gravitytothegalacticpotentialisquantified
byγ.Thecollapsetimescaleisshowninunitsofthefree-falltime
tffforunopposedcollapse.

togasself-gravity.Inthiscase,starformationoccursat
thefree-fallrate.
Forothercircumstances,therateofstarformationis
setbytheslowercollapsetimescale(tcoll)derivedinthe
previoussection.Thebehavioroftcollsuggeststhatthe
starformationprocessregulatedbygalacticdynamics
occursinthreesmoothly-connectedregimescorrespond-
ingtothreecharacteristicstagesofcollapse:theonset
ofcollapse,accelerated(butstillslowerthanfree-fall)
collapse,andthetransitiontofree-fallcollapse.

2.5.1.Theapproachtofree-fallcollapse

Gasthatpassesthethresholdγ0=γcoll∼2.5un-
dergoescollapseataratethatisinitiallyconsiderably
slowerthanthefree-fallrateforsmallγ 2.5but
approachesthefree-fallrateasγincreases. Forlarge
γ 1,theenergyingalacticmotionsconstitutesanin-
creasinglynegligiblefactorrelativetoself-gravity.In
thisstronglyself-gravitatingregime,theefficiencyof
starformationperunittimeSFE=Ṁstars/Mgasiswrit-
tenas

SFEγ>γcoll≈tff
1+
11

16

3(ak/5)

γ2

−1

(13)

usingthecollapsetimescalewhenγ γcollinEq.(11).
Inthisregime,thestarformationefficiencyperfree-fall
time ff =SFEtff isaweakfunctionofγ. Notethat
thisapproximationignoresthedependenceoftcoll(and
tffandγ)ondensitytopullitoutoftheintegralineq.
(12)andtakes tobeapproximatelyuniversal,yielding
alowerboundontheSFEinnon-uniformdensitygas
(see,e.g.,Tanetal.2006;Burkhart2018;Parmentier
2019,andAppendixA).

2.5.2.Theonsetofcollapse

Whengalacticmotionscontributesignificantlytoin-
ternalcloudmotions,sothatγ0≤2.5,tcollisinfinite
andcollapseisinhibited.Gasthatfallsbelowγ0≤2.5
oncloudscalesisthuspreventedfromformingstars.For

starformationtooccur,materialmustbepresentwithin
thecloudwithγ0>2.5sothatcollapsecancommence.
Ourestimateofthestarformationratethereforein-
corporatesanadditionalfactorrelatedtothecollapsing
fractionfcoll=Mcoll/McofacloudwithtotalmassMc,
whereMcollmeasurestheamountofmaterialpresent
withinthecloudwithγ0>γcollandtheabilitytocol-
lapsetoformstars. Thus,wewritethestarformation
efficiencyofthecloudas

SFEγ≤γcoll≈
tcoll,on

δdfcoll, (14)

wheretcoll,onisthecollapsetimescaleatthedensities
whencollapseturnsonandδdisafactorrelatedtothe
distributionofmaterialwithinthecloud(e.g.Tanetal.
2006;Parmentier2019).Forapower-lawdensitydistri-
butionρ∝r−k,forexample,δd=2/3(3−k)(2−k)

−1,
assumingthat isuniversal(seeAppendixA).Thisap-
proximationslightlyunderestimatestheSFE,sincethe
collapsetimetcollhasbeentakenasafixedmultipleof
thefree-falltimeatalldensities,whereasthederivation
inFigure1suggeststhattcoll/tffcontinuestovarycon-
siderablyindecoupledgaswithγ0 2.5.ThetrueSFE
wouldsitbetweenthislevelandtheupperboundthat
assumesthatcollapsingmaterialcollapsesatexactlythe
free-falltime,i.e.SFE=δdfcollt

−1
ff,coll.

Inwhatfollowsweadoptγcoll,on=2.5astheonset
ofcollapseandusethetimescaletcoll,on=2.4tff,collthat
ismatchedtothislevel(seeFigure1),wheretff,collis
thefree-falltimespecificallyattheonsetofcollapse.
Giventherapidriseintcollasγdecreases,thischoiceis
arbitrarytotheextentthataslightlysmallervalueofγ
wouldbeassociatedwithaconsiderablyhighertcoll.On
theotherhand,thismatchedpairoftcoll,on=2.4tff,coll
andγcoll,on=2.5yieldsstarformationratesthatare
consistent(towithinafactorof1.5)withpairschosen
uptothelevelγ=3.
Thecollapsefractionfcollisdeterminedbythebalance
ofgravitationalenergiesγinthecloud. WritingEq.(8)
intermsofγcoll,on=2.5,wedefinethedensityrequired
forcollapsetoproceedas

ρcoll=
(κ2+2Ω2+ν2)γ2coll
2π(3ak/5)G

(15)

usingouradoptedmodelforgasself-gravity(seeEq.6).
Notethatthisistheminimumthresholdfortheonset
ofcollapse,sinceothernon-gravitationalforcesmaybe
presentthatpreventthegasabovethisthresholdfrom
collapsing.
ThedensitythresholdforcollapsegivenbyEq.(15)
islargelyinsensitivetothepropertiesofthegasbut
stronglydependentonthegalacticpotential. Inthe
maindiskenvironment,itisessentiallyproportional
tothe mid-planedensityρgal ofthehostgalaxyit-
selfaccordingtoPoisson’sequation,whichwewriteas
4πGρgal≈κ

2−2Ω2+ν2inourmodel.
Itshouldbeemphasizedthatthescaleassociatedwith
ρcoll,whichwederiveinAppendixB,issmallerthanthe
Toomrescalethatmarksthesizeoftheregionthatcan
bestabilizedbyrotationintheplane.Asarguedearlier,
theassumptionofrotationrestrictedtotheplaneapplies
onscaleslargerthanthediskscaleheight.Fortheview
ofgasstructureenvisionedinthiswork,inwhichthe
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gasisembeddedwithinadiskthatisitselfembedded
inanexternalpotential,stabilitymustbeassessedin
threedimensions.Inthiscase,therecanbeacompo-
nentoforbitalmotionintheverticaldirectionthathas
animportantstabilizinginfluence. Forthemolecular
gassituatedinagalacticdisk,theexternalgalacticpo-
tentialvariesmorerapidlyintheverticaldirectionthan
intheplane,makingtheenergyintheverticalorbital
componentdominantoverradialepicyclicmotionsinthe
competitionagainstself-gravity.Thislimitsthecollapse
toscalesbelowtheToomrescale.
Inthisregard,thepictureofcollapsedescribedby
our modelisnotquiteaspervasiveasenvisionedby
Elmegreen(2018)(orBurkert&Hartmann2013).How-
ever,oncecollapsesetsin,theviewofstarformationis
thesame:itoccurswithnoexplicitthresholdproceeding
smoothlyatthecollapserate.
Asweshowin§3.2,thecollapsescaleistypically
locatedbelowthecloudscaleandmaythusgivetheap-
pearanceofathresholdforstarformation.However,in
linewiththeaboveviewofthestarformationprocess,
weprefertodescribethislimittocollapseasabottle-
neck. Ouraccountingofstarformationoncloudscales
andlargerismostlyareflectionofthisbottleneck,aswe
showbelow.

2.5.3.Starformationinweaklyself-gravitatinggas
coupledtothegalacticpotential

Withthethresholddensityforgravitationalcollapse
(Eq.(15)),theSFEbecomesastrongfunctionofthe
galacticpotential. Considerthecaseofabasicpower-
lawdensitydistributionρ∝ r−k,forwhichfcoll =
(ρcoll/ρc)

(k−3)/k.Thisallowsustowritethecloud-scale
starformationefficiencyinEq.(14)to

SFEγ≤γcoll≈
γ
2(k−3)/k
coll

tcoll,on/tff,coll

δd
tff,coll

γ2(3−k)/k.

(16)
Thefirstterminparenthesesontherightisaconstant
factorthatamountsto∼1/6whenk=2and∼1/15
whenk=1.5.Thesecondterminparenthesesmeasures
thestarformationefficiencycharacteristicoftheonset
ofcollapseandislaterreferredtoasδdSFEcoll.
Usingthattcoll,on=2.4tff,coll,ρcoll/ρc=(γcoll/γ)

2

andtff,coll= 3π/(32Gρcoll),wesimplifythisfurther
to

SFEγ≤γcoll≈
γ
3−6/k
coll

2.4

δd
tff

γ−3+6/k. (17)

Fromthisweseethat,evenforafixedinternalden-
sitydistribution,theefficiencyperfree-falltimeinthe
regimeofweaklyself-gravitatinggasvariesstrongly,
withvariationsdrivenprimarilybyγ,i.e.

ff≈ δd
γ
3−6/k
coll

2.4
γ−3+6/k. (18)

2.5.4.Thedivisionbetweenstar-formingand
non-star-forminggas

Thefactorγthatdeterminescollapseisaratioof
timescales,namelytheperiodofthelocalepicycle

tepic∼2π/κdividedbythelocalfree-falltimetff.Our
modelofthebottlenecktocollapsecanthusbeviewed
asallowingstarformationwhenthelocalfree-falltime
isconsiderablyshorterthanthecirculationtimeforma-
terialinthegasassetbylocalgalaxydynamics. The
bottleneckmodelthusseparatesgasintostar-forming
andnon-star-formingcomponents.
Notethattheactionofthebottleneckcanresemble
starformationlimitedbyshear-regulatedclouddisper-
sal.However,thetwopicturesareconceptuallydifferent
astheactionofshearinthebottleneckmodelisrespon-
sibleforpreventingstarformation,ratherthanstopping
it(whichisinsteadimplicitlyattributedtofeedback).
Stellardynamicalbarandspiralarmfeatures,which
locallyenhanceρcoll,mayprovideanopportunitytodis-
tinguishbetweenthesepicturesasgasorbitsthegalaxy,
sincethefractionofnon-star-forminggasshouldpeakat
theover-densitywherethebottleneckisnarrowest.In
shear-limitedstarformation,thenon-star-formingreser-
voirmightbeexpectedtobecomemaximaldownstream
ofthedensitymaximum(wheresheartendstobere-
duced),giventheflowofgasbacktoanenvironment
whereshearisraisedtothehighbackgrounddifferential
level. Theaccountingofnon-star-forminggasrecently
introducedbySchinnereretal.(2019)hasthepotential
tomakethisdistinction.

2.6.AninverserelationbetweenSFEandgasvelocity
dispersiononcloudscales

Adistinguishingfeatureofthebottleneckmodelisa
dependenceoftheSFEonthethree-dimensionalmo-
tionsinthegas,notjustshearintheplane. Onlarge
scales,theobservedgaskinematicsareexpectedtobe
dominatedbygalacticmotionsσgal≈Rc(2κ

2+ν2)−1/2

(intheflatpartoftherotationcurve),whichincrease
linearlywithspatialscaleRcwhilethegasself-gravity
fallsoffawayfromthecloudcenter. Theexpressions
presentedintheprevioussectionthereforenotablyen-
code,foragiven,aninverserelationbetweentheSFE
andthegasvelocitydispersioninweaklyself-gravitating
gas,oradependenceontheboundednessofthegasas
measuredbythevirialparameterαvir=5σ

2R/(GM)
(Bertoldi&McKee1992,seeAppendixC).
Thepredictedbehaviordistinguishesourmodelfrom
mostothertheoriesofstarformationappliedonthe
cloudscale(e.g.,Krumholz&McKee2005;Ostriker&
Shetty2011;Federrath&Klessen2012;butseePadoan
etal.2012,2017;Burkhart& Mocz2018andthedis-
cussionin§4.3).Inmanyofthesetheories,highMach
numbers, whichleadtocompressiveshocksandthe
build-upofhighdensitymaterial,raise andthusthe
SFE= /tff.AssumingthathighMachnumbersemerge
throughtheturbulentcascadefromelevatedcloud-scale
velocitydispersions(raisedbythecontributionfrom
galacticmotions),starformationmightbeexpectedto
become moreefficientwithincreasingvelocitydisper-
sionratherthanless,asobserved(see§4.3).Inour
model,motionsonlargescalesthatkeeptheenvelopes
ofcloudscoupledtothegalaxyreducethestarforma-
tionefficiencybylimitingthefractionofstar-forming
material.
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Fig.2.—Themagnitudeofgasmotionsoncloudscalesσgalas
functionofcloud-scalesurfacedensityΣcforcloudswithradius
Rc=30pc.Thethickdottedblacklinehighlightswhenmotions
balanceself-gravitysothatγ=1andσgal=σsgasgivenbyEq.(6).
Thethicksolidblacklineshowswhenγ=2.5andgalacticmotions
canpreventcollapse. Thinnerdashedlineshighlightoffsetsfrom
thesetrends,fordifferentlevelsofγinEq.(8)assumingthat
cloudsarespherical.Coloredcurvesillustratethecontributionof
cloud-scaleorbitalmotionsinthegalacticpotentialtotheinternal
motionsofcloudsinfivemodeldiskgalaxies.Themodelsassumea
rotationcurveandcloudsurfacedensitydistributionbasedonthe
galaxymass,whichvariesherefrom9.25(blue)<logM/M <
10.75(red)instepsof0.25logM/M . Motionsassociatedwith
thegalacticpotentialhavethesameorderofmagnitudeasthose
duetoself-gravitythroughoutalldisksandbecomeverystrongat
galaxycenters,whicharecharacterizedbythehighΣcandhigh
σgalendofeachcurve.

3.QUANTITATIVEPREDICTIONSOFTHEGALACTIC
BOTTLENECKUSINGSEMI-EMPIRICALCLOUDAND

GALAXY MODELS

Inthissectionweusetheformalismintroducedinthe
previoussectiontoinvestigatehowgalacticorbitalmo-
tionsinthegasintroduceenvironmentalvariationsin
theonsetofcollapsewithinmoleculargas.

3.1.Amodelofgasself-gravityandorbitalmotions
throughoutgalaxies

Thecloud-scalemeasurementsneededtoexaminehow
severaloftheparametersinourmodelofstarforma-
tionarerelatedandhowtheyvarytogetherthrough-
outthedisksofrealstar-forminggalaxies,arecur-
rentlybeingassembledbythePHANGScollaboration
(A.K.Leroyetal.,inprep.;seealsoGallagheretal.
2018a;Sunetal.2018;Utomoetal.2018;Schinnereret
al.2019;Chevanceetal.2019;P.Langetal.,ApJsubm.;
E.Rosolowskyetal.,inprep.).Inthenearfuture,it
willbepossibletoplacefundamentalconstraintsonhow
gasstructureandkinematicsareorganizedacrossspa-
tialscalesandhowthisimpactsstarformationacross
thelocalgalaxypopulation.
Inthemeantime,tocapturehowthestrengthofgas
self-gravityvariesinrelationtothegalacticpotential
throughoutrealgalaxies,inthissectionweintroduce
generic‘globalgalaxy models’thatbuildonthetyp-
icalstructureanddynamicalpropertiesofgalaxiesas
wellasthecharacteristicdistributionsandpropertiesof
theirmoleculardisks. Weadoptthesamephysically-
motivatedmodelsforgalactocentricrotationandcloud-

scalesurfacedensityasusedinPaperI.Inbrief,at
agivengalaxystellarmass,empiricalscalingrelations
specifytheshapeandmaximumoftherotationcurve,
themassinmoleculargas,andtheshapeofitsmassdis-
tribution(itsvariationintheplaneandinthevertical
direction).Thedistributionofthegasoncloudscalesis
assignedbyassuminganexponentialdistributionofgas
acrossthediskandarepresentativecloudsize(e.g.,set
toafixedvalueatalllocationsinthediskorvarying
inthecaseofafixedcloudmass).Thedisk’smolecular
hydrogengassurfacedensityΣH2 isthenincreasedby
aclumpingfactorctogenerateamodelforthecloud
surfacedensityΣc=cΣH2atalllocations.Forourfidu-
cialRc=30pccase,weadoptc=2chosentomatch
observationson60pcscales(Leroyetal.2016).
Altogether,ourempirically-motivated‘globalgalaxy
models’provideapredictionfortheradialvariationin
σgalandΣcatfixedspatialscalethroughoutagiven
galaxydisk. Modelsaretypicallyextendedouttothe
observededgeof molecule-brightemissionnear2.5Re
giventhetypicalscalelengthofthe moleculardisk
Re≈0.2R25innearbygalaxies(Schrubaetal.2011;
intermsofthecustomaryisophotalradiusR25atwhich
thestellarsurfacebrightnessreaches25magarcsec−2

intheB-band). Typically,halfofthetotalCOflux
tracingmolecularhydrogenisenclosedwithinaradius
RCO50 ≈1.5Re(verynearthetransitionfromHItoH2)
and90%iswithinRCO90 ≈4Re(Schrubaetal.2011).

3.1.1.Gravitationalmotionsoncloudscalesinglobal
galaxymodels

ThesetofcoloredcurvesinFigure2highlightthe
regionofparameterspaceoccupiedbymolecularclouds
inourempirically-motivated‘globalgalaxymodels’(Ap-
pendixA)atafiducialscaleofRc=30pc,typicalofthe
measuredsizesofcloudsintheMW(Heyeretal.2009;
Miville-Deschenesetal.2017)andinexternalgalaxies
(e.g.,Bolattoetal.2008;Hughesetal.2013;Leroyetal.
2016;Schrubaetal.2019).Inthesemodels,thegalactic
potentialfallsoffmorerapidlythangasself-gravityin
themaindiskenvironment,yieldingacharacteristicin-
creaseinthecontributionoforbitalmotionstotheinter-
nalcloudmotionstowardgalaxycenters(andtowardthe
farouter,atomic-dominateddiskbeyondRgal=8Re;
notshowninFigure2),asdiscussedatgreaterlengthin
§3.3.
Thelocationofmodelsinthisparameterspaceimplies
thattheenergiesassociatedwithcloudself-gravityand
thelocalgalacticpotentialarecomparableonaverage
atthescaleoftypicalmolecularcloudswhereγ≈1−2.
Thisimpliesthatgasbeginstodecouplefromthegalac-
ticpotentialandbecomesweaklyself-gravitatingonthe
cloudscale.Itthusalsosuggeststhatmuchhigherden-
sitieswithinthecloudarerequiredforgasself-gravityto
becomeeffectivelyunopposedsothatcollapsecanpro-
ceedatthefree-fallrate,asexploredlater.Inthiscon-
text,theratioofbound,self-gravitatinggastounbound,
molecularmaterialcanbeexpectedtovarystronglywith
galacticenvironment.
Wenotethattheprecisebalanceofgravitationalener-
giesinanygivenclouddependsonthepropertiesofthat
cloudanditsgalacticenvironment(discussedingreater
detailinPaperI).Systematicvariationincloudsizes
throughoutaglobalcloudpopulation(asweconsiderin
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Fig. 3.—Examplevolume-weightedlog-densityPDFsfora
104M cloudwithradiusRc=30pc.Thethicksolidlineshows
thePDFforournominalcaseofapower-lawdensitydistribution
ρ∝R−2. Thethinsolidlineassumesashallowerdensityprofile
ρ∝R−1associatedwithlowerdensegasfractions. Thedashed
linerepresentsalog-normalPDFwithdensityvariancesetbythe
characteristicsofdriventurbulence,assumingsolenoidaldriving
(Federrathetal.2010)andaconservative MachnumberM =3.

AppendixB)altertheaveragecloud-scaleproportionof
σsgrelativetoσgalfromthelevelindicatedinFigure2.
Includingthechangetoorbitalmotionscharacteristicin
thepresenceofbarsandspiralarmperturbations,σgal
canalsobelocallyenhanced(seePaperI).Compared
tothebasicaxisymmetricdiskmodelsportrayedinFig-
ure2,wethereforeexpectobservationstoshowagreater
degreeofvariety.

3.1.2.Amodelofinternalcloudstructure

Intheprevioussection,wedemonstratedthatthemo-
tionsduetoself-gravityandthegalacticpotentialare
comparableonthescalesofmolecularcloudsthroughout
thedisksoftypicalgalaxies,preventinggasfrombecom-
ingstronglyself-gravitatingonthecloud-scale. Wecan
expectthisbalancetochangeinthecloudinterior,where
increasinglyhighdensitiesprovidetheopportunityfor
gasself-gravitytoovercometheenergyingalacticmo-
tions.
Tomakeconcretepredictionsforthescalesandden-
sitiesatwhichgasdecouplesfromgalacticorbitalmo-
tions,wemustmakeanassumptionaboutthewaymate-
rialisdistributedwithinclouds.Oneoptionwouldbea
log-normaldensityPDF(seeFigure3),whichdescribes
thedensitystructurethatdevelopsinthepresenceof
isothermal MHDturbulence(e.g.Vazquez-Semadeni
1994;Padoan,Jones&Nordlund1997;Scaloetal.1998;
Klessen2000;Ostrikeretal.2001;Vazquez-Semadeni&
Garcia2001).
Sinceourmodelismeanttoapplytomolecularclouds
innormalstar-formingdiskgalaxies,weadoptapower-
lawdensitydistribution,whicharguablybestcaptures
thedistributionof materialthroughoutthebulkof
cloudswithobservationallyreconstructedPDFs,from
highdensitycorestothegasatthecloudedge,near
theH2–HItransition(Lombardietal.2015). Wefur-
therassumethatthedensityfollowsρ∝r−kandthe
materialisarranged(spherically)symmetricallyacross

mostofthecloud. Thisshouldprovideareasonable
descriptionovertherangeofdensitiesthatweareinter-
estedinhere,asthegasmotionsthatwouldbeexpected
fromthisdensitydistributionapproximatelyreproduce
theobservedvelocitydispersionsofclouds(e.g.,Heyer
etal.2009,seeEq.(6)). Asweuseitlaterin§3.3,
thispower-lawmodeloffersastraightforwardanalytical
connectionbetweendensitiesatlargeandsmallscales
withinthecloud.
Inordertohighlighthowdensegasfractionsinequal
masscloudsareimpactedbytheshapeofthedensity
distribution, wechoosetonormalizedensitiestothe
valueatthecloudedgeratherthanthevolume-weighted
meandensity. Thus,wenotethatcloudswithpower-
lawdensityPDFswilltendtohavefractionallymore
massathighdensitiesthanequivalent-masscloudswith
log-normalPDFsandmodestlytransonicMachnumbers
(seeFigure3).Steeperpower-lawprofilesalsocontain
moderatelymorehighdensitymaterialcomparedtoflat-
terpower-lawprofiles.
Observationsofmoleculargasinlocalsamplesarecon-
sistentwithpower-lawdensityPDFswitharangeof
power-lawslopes(k=1−2;see McLarenetal.1988;
Abreu-Vicenteetal.2015;Lombardietal.2015;Meidt
2016). Forthesakeofgenerality,wecastmostofour
modelpredictionsintermsofthegenericpower-lawpro-
fileρ∝r−k. However,formakingdirectcomparisons
toobservationalresults,weselectk=2andk=1as
ournominaldensityprofiles(unlessnotedotherwise).
Thischoiceisnotmeanttofavoraparticularoriginsce-
nario(i.e.,pressureequilibriumvs.dynamicalcollapse,
e.g.,Larson1969; Whitworth&Summers1985;Foster
&Chevalier1993;Naranjo-Romeroetal.2015;Li2018),
butischosenforconsistencywiththeobservationalre-
sultsthatweuseforcomparison.Existingobservations
suggestthateitherdensityprofileisareasonablechoice.
IntheGalaxy,probesofcloudmaterialathighandlow
densityappearconsistentwithk=1−1.5,aswefind
in§4.1.1. Ontheotherhand,ak=2densityprofile
iscompatiblewiththelocalcloudsanalyzedbyLom-
bardietal.(2015).Theobservedtrendinextragalactic
densegasfractionsfdwithincreasingmoleculargassur-
facedensityarealsoinagreementwithak=2density
profile(Useroetal.2015,henceforthU15;Gallagheret
al.2018a),sinceshallowerdensityprofileswouldleadto
asteeperincreaseinfdwithgassurfacedensitythan
whatisobserved(Meidt2016,andseeEq.(19)below).
Nevertheless,wecautionthatthesteepk=2profilein-
ferredfromtheU15resultsmayonlyapplytomassive,
highsurfacedensitycloudsthatdominateinextragalac-
ticsurveys.
AppendixApresentsaderivationofthefactorδdin-
troducedin§2.5thatisassociatedwithourchosenden-
sityprofile.Thereweincorporateacentralcorerather
thanstrictlypower-lawbehavioratalldensities.

3.2.Thevolumedensitiesatwhichcloudmaterial
decouplesfromthegalacticenvironment

3.2.1.Predictedvariationwithgalacticenvironment

Inthissection,weuseoursuiteofsemi-empiricalcloud
andgalaxymodelsintroducedin§3.1.1toestimatethe
densitiesatwhichgasdecouplesfromthegalacticpo-
tentialsothatitcancollapseandformstars.
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Fig.4.—(Left)Thevolumedensitiesatwhichgasdecouplesfromthegalacticpotentialandbeginstocollapse(Eq.(15)),measured
fromwhereself-gravitydominatesthegalacticpotentialbythederivedfactorγcoll=2.5assumingk=2(see§2.4).Inthisillustration
weadopttheempiricalgalaxymodelsdescribedin§3.1withstellarmassesintherange9.25<logM/M <10.75(frombluetored;
showninstepsof0.25logM/M ).(Right)Anestimateforthesurfacedensitiesassociatedwithcollapseintypicalclouds,usingthe
volumedensityintheleftpanelandassumingthegashassurfacedensityΣc=60 M pc−2onscaleRc=30pc(typicalofcloudsin
thediskofthe Milky Way, Miville-Deschenesetal.2017)belowwhichweassumethedensitytobedistributedaspower-lawwithindex
k=2(solid)ork=1.5(dashed).

TheleftpanelofFigure4showsthedependenceofthe
volumedensityρcollgivenbyEq.(15)ontheproperties
ofagivengalaxypotential.Forreference,therightpanel
showsanestimateofthesurfacedensityΣcollassociated
withcollapse. Thisestimateusesournominalinternal
power-lawdensitydistributiontoexpressthecollapse
scaleintermsofthesurfacedensityΣconsomelarger
scaleRc.InthisillustrationweadoptRc=30pcand
Σc=60 M pc−2,tomatchtheaveragepropertiesof
cloudsinthediskoftheMilky Way(Miville-Deschenes
etal.2017).
Inthemaindiskenvironment(from1 Rgal/Re 4),
whererotationcurvesflattenout,ρcolldecreasesalong
withν2 ≈ R−2gal, whichdominatesthenumeratorin

Eq.(15). Thereisverylittlevariationfromgalaxyto
galaxy,althoughthisismostlyaproductofouradopted
semi-empiricalgalaxymodel. Globalscalingrelations
suggestthattheincreaseinstellarscaleheightwithstel-
larmassaltersνinawaythatiscancelledbythein-
creaseinVcwithstellarmass.Inrealgalaxiesthelevel
ofρcollisexpectedtoshowgreaterdiversity,giventhe
specificdensitydistributionsoftheirstellardisksand
non-axisymmetricfeaturestherein.
Bytheouterradii,wheretheSolarNeighborhoodis
located(Rgal≈2Re),thepredictedρcollinallmodels
fallsto∼102cm−3. Weestimatethatthiscorresponds
toΣcoll≈ 100 M pc−2orAK =1 mag(adopting
AK =0.112AVandNH/AV=1.37×10

21cm−2mag−1;
Evansetal.2009)intypicalMilkyWayclouds.Thisfalls
nearthelevelofAK =0.2magatwhichhighdynamic
rangedensityPDFs(observationallyreconstructedby
Kainulainenetal. 2009andLombardietal.2015)de-
velopclearpower-lawbehavior,indicatingtheonsetof
self-gravitation. Thismoreovercoincideswiththeap-
parentdensitythresholdabovewhichlocalcloudsare
observedtoformstars,asfurtherdiscussedbelow.

Movinginwardstowardgalaxycenters,thethreshold
densityincreasesrapidly.ForaMilky Way-massgalaxy,
themodelpredictsanincreaseinρcollby1−2orders
ofmagnitudefromthedisktothecenter.Incontrast
tothe maindiskenvironment,thethresholddensity
variesmorefromgalaxytogalaxyatsmallgalactocen-
tricradii,wheregalaxymassdistributionsandrotation
curveshapescandiffersubstantially. Aswewillshow
inthenextsections,therapidincreaseinρcolltoward
smallRgalleadstocharacteristicvariationsintherate
atwhichgascanformstars.

3.2.2.Relationtoa‘criticaldensity’forstarformation

Studiesof molecularcloudsintheSolarNeighbor-
hoodofthe Milky Waysuggestthatstarformation
isstronglycorrelatedwithhighcolumndensitygas.
Specifically,theyfindthatthereisatightcorrelationbe-
tweenthemassofgasalongsightlineswithdustextinc-
tionsAV ≥8mag(correspondingtoΣcrit=120−200
M pc−2)andthestarformationrate(Evansetal.
2014).Thishasbeeninterpretedasevidenceforastar
formationthresholdatAV =8mag(Johnstoneetal.
2004;Heidermanetal.2010;Ladaetal.2010),although
severalauthorshavearguedthatthisshouldbeinter-
pretedasasharpbutgradualdeclineinthestarfor-
mationratebelowthisvalue,ratherthananabsolute
cut-off(Gutermuthetal.2011;Burkert&Hartmann
2013).
Inthebottleneckmodel,thisputativecriticalthresh-
oldisaconsequenceofbothasharpdeclineinstar
formation(passingfromfree-falltotheslowcollapse
regime)andabaselinethresholdforcollapse. Forthe
SolarNeighborhood,ourmodelpredictsthatthisbase-
linesitsnearΣcoll∼100M pc−2,independentofthe
propertiesofthegas. Theapparentthresholdwould
thensitabovethisleveltovaryingdegrees,depending
onsubtledifferencesinhowrapidlystarformationrises
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tothefree-fallrate,whichissensitivetothelocalgas
distribution(i.e.,thestrengthofself-gravity;seeFig-
ure1).
Themodelalsodescribesvariationinthecriticalstar
formationthresholdbothwithinandbetweengalax-
ies,followingenvironmentalchangesinthebaselinecol-
lapsethresholdillustratedinFigure4.Anon-universal
thresholdlikethiswouldhelpexplaintheexistenceof
cloudsthathavelittleobviousevidenceofongoing(mas-
sive)starformationbutsurfacedensitiesfarinexcessof
thecriticalvalueΣcrit=120−200M pc

−2determined
forSolarNeighborhoodclouds.Suchhighsurfaceden-
sity,non-star-formingcloudsexistwithintheCentral
MolecularZone(CMZ)oftheMilky Way(Longmoreet
al.2013a;Kruijssen&Longmore2013;Johnstonetal.
2014;Kruijssenetal.2014)andalongtheinner,high
columndensityportionofthespiralarmsofthenearby
galaxyM51(Meidtetal.2013;Leroyetal.2017;Quere-
jetaetal.2019).Thevariationsindensegasstarforma-
tionefficiencyinextragalacticsurveysthatprobeawide
varietyofcloudenvironments(Useroetal.2015;Bigiel
etal.2016;Gallagheretal.2018a;Jiḿenez-Donaireetal.
2019)alsoimplythatthecriticalthresholdforstarfor-
mationisnotuniversal. Aswedemonstratelaterin
§4.2.2,thegalacticbottleneckmodelunifiesthelarge
rangeofthresholdsinferredfromobservationsunderone
framework.

3.3.Thefractionofcollapsing,decoupledgas

ThevolumedensitythresholdgiveninEq.(15)de-
terminesthemassofmaterialinagivencloudwhere
collapse(i.e.,strongself-gravitation)ispossible. This
canbeexpressedasafractionofthecloud’stotalmass
whentheinternaldistributionofmaterialwithinacloud
isknown. Withourassumedρ∝r−kdensityprofile,the
fractionofthetotalmassMcaboveavolumedensity
thresholdρicanbeeasilyexpressedas

Mi
Mc
=
ρi
ρc

k−3
k

=
Σi
Σc

3−k
1−k

=
Ri
Rc

3−k

. (19)

HereRiisthescaleprobedbyρianditsassociatedcol-
umndensityΣi,Miisthemassaboveρi,andρcisthe
volumedensityabovewhichMconscaleRcismeasured.
Inthenominalcasewithk=2,forexample,theself-
gravitatingmassfractioncanbewrittenas

Mcoll
Mc

=
ρc
ρcoll

1/2

. (20)

AccordingtoEq.(20),thefractionMcoll/Mcofthe
cloud,inwhichself-gravitydominatestheenergyin
galacticmotionsbytheamountγcoll,willvarythrough-
outacloudpopulationbothduetovariationincloud
volumedensityandthethresholdρcolldeterminedbythe
cloud’slocationinthegalacticpotential. Thisisillus-
tratedinFigure5,whichshowsthecollapsingmassfrac-
tionMcoll/McpredictedaccordingtoEq.(20)through-
outasetofempirically-based‘globalgalaxy’modelsin-
troducedin§3.1.1.
Intheleftpanel,predictionsassumeapower-lawdis-
tributionofgasdensitiesbelowafixedscaleRc=30pc
withthreedifferentvaluesofkadopted. Afixedcloud
sizeischosentofacilitatedirectcomparisonstoobser-

vationsobtainedatfixedbeamsize.Inallcases,the
nominalcloudvolumedensitymodelatscaleRc=30pc
assumestheexponentialdisksurfacedensitymodelfor
themoleculargasdistributionΣH2(Rgal)developedin
PaperIthatweincreasebyaclumpingfactorc=2to
thecloudscaletomatchobservationson60pcscales
(Leroyetal.2016),i.e.,Σc(Rgal)=cΣH2(Rgal). For
reference,thetrendassumingaconstantcloudvolume
densityatallgalactocentricradiiRgalisillustratedby
thedashedline.
TherightpanelofFigure5highlightsthevariations
predictedthroughoutacloudpopulationinasingle,
Milky Way-massgalaxy,adoptingacloudsizeRc(Rgal)
thatvarieswithpositioninthegalaxyaccordingtothe
assumedcloudmassMcandfixedsurfacedensitymodel
Σc(Rgal),i.e.,Rc= Mc/(πΣc(Rgal)). Thedensity
distributionbelowthecloudscaleinallcasesisalsoas-
sumedtobeapower-lawwitheitherk=2ork=1.

3.3.1.Characteristictrendsinthecollapsingmass
fractionthroughoutgalaxydisks

Figure5demonstratesthatthecollapsefractionof
anygivenregionorclouddependsstronglyonitssize
ormassanditsinternaldistributionofmaterial.Inthe
highest-massclouds,whichentaillargercloudsizesat
fixedΣc,moreofthegasisdistributedintheweaklyself-
gravitatingcloudenvelope,reducingtheoverallcollapse
fraction. Shallowerprofiles,whichcanaccommodate
moremassinthecloudenvelope,alsocontainsmaller
fractionsofcollapsinggas.
Figure5alsodemonstratesthatthecollapsefraction
inacloudofagivensizeormassdependsstronglyon
locationinthegalaxy.TheincreaseinMcoll/Mcwithin-
creasinggalactocentricradiusatfixedscale,highlighted
intheleftpanelofFigure5,isatrendcharacteristicof
ouradoptedsemi-empiricalgalaxymodelsbasedonthe
observedpropertiesofgalaxies.Exponentiallydecreas-
inggassurfacedensitiesimplythatthecloud-scalegas
densitydistributionalsodecreaseswithgalactocentric
radiusRgalatfixedsizescale(ordiskheight;heremod-
eledasfixedcloudsize),leadingtoaweakeningofself-
gravitywithincreasingRgal.Thisdecreaseistypically
lessrapidthantheweakeningofthebackgroundgalaxy
potentialwithincreasingRgalgiventheproperties(sur-
facedensity,scalelengthandheight)ofstellardisks.As
aresult,Mcoll/Mcexhibitsacharacteristicincreasefrom
theinnertotheouterdisk. Werethegasself-gravityto
remainhighatlargeRgal,suchasispossiblewhenthe
cloudvolumedensitystayslargerthaninthemodeled
exponentialdecline,theself-gravitatingfractionwould
exhibitanevenlargerincreasefromsmalltolargeRgal
atfixedcloudsize(asindicatedbythedashedline).
ThegeneraltrendofincreasingMcoll/Mcwithincreas-
ingRgalisalsoafeatureofothermodelsforhowthegas
densityvariesacrossgalaxies,i.e.,assumingvaryingdisk
scaleheightsorvaryingcloudsizesinarealisticmolec-
ularcloudpopulation.Inthe Milky Way,cloudsizes
arerelativelylargerinthediskcomparedtothosein
theGalacticCenteranalyzedin§4.1.1,forexample.In
thiscasewewouldpredicthighergasdensitiesatsmall
RgalthanassumedinFigure5.However,thisdoesnot
substantiallychangethevariationinthecollapsingmass
fraction,whichismostlydrivenbyρcollaccordingtoour
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empiricalgalaxymodels.
Atanygivenlocationinagalaxy,though,thepre-
cisevalueofMcollpredictedforasetofcloudsdepends
onseveralfactors. Mostdirectly,Mcolldependsonthe
levelγcollatwhichgascollapses,whichwehavetiedto
thelevelwhengasdecouplesfromthegalacticpotential.
If(non-equilibrium)turbulentmotionspreventthegas
fromcollapsingwhenitfullydecouplesfromgalacticor-
bitalmotions,thenthecollapsethresholdwouldincrease
sothatMcollconstitutesasmallerportionofthecloud.

3.3.2.Relationtothedensegasmassfraction

Thevolumedensitythresholdintroducedin§2.5.2
canbeusedtopredictthegalaxy-decoupled,collapsing
massfractionaboveany(arbitrary)density,suchasa
‘densegas’volumedensitythresholdρdthatis much
higherthanthetypicalgasdensityatthecloudbound-
ary.Inpractice,athresholdofinterestmightcorrespond
totheeffectivedensities∼3×104−1×105cm−3probed
bycommonlyusedextragalacticdensegastracers(e.g.,
HCNorHNC;seeforinstanceShirley2015,Leroyetal.
2017).FollowingEq.(20),thecollapsingfractionabove
ρdforcloudswithρ∝R

−2is

Mcoll
Md

=
ρcoll
ρd

1/2

=
Σd
Σcoll

=
Rcoll
Rd
, (21)

whereMdisthetotaldensegasmassandΣdisthedense
gassurfacedensitythresholdassociatedwithρdonscale
Rd.
Inthecontextofourmodel,weinferthattheonset
ofcollapseoccursnear(orwithin)the‘densegas’(i.e.,
ρcoll ρdsothatMcoll/Md 1).Indiskgalaxies,the
densegasratioisobservedtobe0.03<Σdense/ΣH2 <
0.1(U15, Gallagheretal.2018a). Comparable(but
slightlyhigher)massfractions0.1 Mcoll/Mc 0.5are

impliedbyourempirically-based‘globalgalaxy’mod-
elsintroducedin§3.1.1(seeFigure5),assumingthat
collapseoccurswhenself-gravityexceedstheenergyin
galacticmotionsbyafactorγcoll∼2.5. Thusweex-
pectthatdensegasmaybeclosetoformingstarsatthe
free-fallrate.Asexploredin§4.1.1,thisarguablyleads
totheobservationthatthestarformationefficiencyin
localcloudsisapproximatelyuniformaboveanappar-
entlyuniversaldensitythreshold(i.e.,Ladaetal.2010;
Evansetal.2014).
Asdescribedinthefollowingsections,however,one
ofthefeaturesofthismodelisthatthecollapsingmass
andthe‘densegas’masscansystematicallydiffer,espe-
ciallyinenvironmentswherethegalacticpotentialvaries
strongly. Thiscanleadtocharacteristictrendsinthe
fractionofthedensegasthatgoesontoformstars(i.e.,
thedensegasstarformationefficiency).

4.COMPARINGPREDICTEDANDOBSERVEDSTAR
FORMATIONEFFICIENCIES

Inthissection,weusetheformalismintroducedin
theprevioustwosectionstoinvestigatehowthebottle-
necktocollapseimposedbygalacticorbitalmotionsin
thegasintroducesvariationsintheSFEsofparcelsof
gasorwholeclouds. Weareespeciallyconcernedwith
whetherthebottleneckwouldintroduceclearsignatures
(e.g.,trendswithgalactocentricradiusandgalaxytype)
inthecurrentgenerationofobservationsofthecloud-
scaleSFE.

4.1.Anchoringthemodel:starformationin
galaxy-decoupled,free-fallinggas

Tousethemodelforthedecouplingofgasfromthe
galacticpotentialtoinvestigateenvironmentalvaria-
tionsintheSFEsofmolecularclouds,wemustassume
amodelfortherateatwhichdecoupled,free-fallinggas
formsstars.
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Broadlyfollowing MacLow & Klessen(2004)and
Krumholz & McKee(2005), weenvisionstarforma-
tionasbeingregulatedbytheinterplayofself-gravity
with magneticfields,turbulence, andenergy-and
momentum-drivenfeedbackfromstarformation(i.e.,in
theformofsupernovae(SNe),stellarwinds,photoion-
ization,andradiationpressure). Asalreadynotedin
§2.2,thebottleneckmodelincorporatesaheuristicde-
scriptionofthesefactorsbyassumingthattheyregu-
latethedimensionlessstarformationefficiency inthe
modeltoavaluemuchlessthanunity. Wewillfurther
assumethatthisvalueisuniversalonaverage,i.e.,not
stronglydependentonthelocationofacloudwithinits
hostgalaxy,althoughthishasyettobeclearlydemon-
stratedbysimulations.
Inpractice,weanchorthemodelbyincorporatingan
empiricalcalibrationof thatletsusassignavalueto
theefficiency/tff,collattheonsetofcollapse,inpartic-
ular.AsusedinEq.(16),thisfactorallowsustopredict
starformationratesincloudsthatarepartiallycoupled
totheirenvironment(see§2.5.3).
OurcalibrationleveragestheobservationthatSFEs
inthestar-forminggasatthehighestdensitiesinlocal
cloudsvaryonlyslightly(Evansetal.2014).Asweshow
inthenextsection,atthesedensities,gasisdecoupled
fromthegalaxyandthusourcalibrationfor should
beappropriateforgascollapsingnearthefree-fallrate.
Thealternativewouldbetoadoptarecalibrationofthis
SFEthatappliestonotonlythecollapsinggas,but
allgasdirectlydowntothecloudedge. Suchcloud-
scalemoleculargasefficienciesexhibitlargevariations
bothwithinandbetweengalaxies(e.g.,Schrubaetal.
2010;Leroyetal.2017;Utomoetal.2017;Schrubaetal.
2019),partofwhichweaimtodescribewithourmodel.
Weshowlaterhowthefirstapproachcanbeusedto
makepredictionsfortherecalibratedSFEofthesecond
approach.
Weemphasizethatcloud-scalevariationsinSFEdue
tovariationsin—arisingfromchangesinthebalance
betweenthesmall-scalephysicalprocessesthatregulate
starformationwithincloudsorcloudevolutionaryef-
fects(Leeetal.2016;Grudicetal.2018)—canbeincor-
poratedintothemodelpresentedhere.Fornow,how-
ever,ourmaingoalistodeterminewhethertheinfluence
ofthegalaxyoncloudscaleshasadiscernibleeffecton
cloudSFEsthatcouldbedistinguishedobservationally
fromtheseothereffects.Ourassumptionofauniversal
efficiencyisachoicethatletsusexplorethedegreeto
whichthedecouplingofmoleculargasfromthegalactic
potentialactsasabottlenecktostarformation.Later
in§4weshowthatthisappearstoofferagoodmatch
toobservationsoverawiderangeofscales.

4.1.1.Anempiricalcalibrationof fromobservations
ofMilky Wayclouds

Inthissection,weexplorehowSFEsvarythroughout
asampleofcloudsinthediskofthe Milky Wayand
usetheseobservationstocalibrateavalueof thatap-
pliestoapproximatelyfree-fallinggas. Weconsider56
cloudsstudiedbyVutisalchavakuletal.(2016)(here-
after VEH16)withreliableSFRs(abovethehard5
M Myr−1minimumadvocatedbyVEH16). Weuse
twosetsofpropertiestabulatedbyVEH16 measured
eitherwithadensegastracer(submillimeterdustcon-

tinuumemission;Aguirreetal.2011)orwithalower
densitytracer(13CO(1−0)emission;Jacksonetal.2006;
Roman-Duvaletal.2016)probingnearertothecloud
edge(seeVEH16fordetails).Thesedefineatotalof103
uniquemeasuresoftheefficiencyatdifferentlocations
intheMilky Way.
Withthissetofpropertieswealsoassemble47mea-
suresofthedensegasmassratiofd=Md/Mc(where
available).Accordingto§2.5.3,theinternaldensitydis-
tributionaffectsthestarformationrateperunitmass
predictedforagivencloud.Fortwoequalmassclouds
withafixedthresholdρcoll,thecloudwiththeshallower
densityprofilewillappeartoformfewerstarsperunit
mass(seealsoTanetal.2006;Burkhart2018;Parmen-
tier2019). Thusourstudyofthissetoflocalclouds
beginswithanexaminationoftheirinternalstructure.
TherightpanelofFigure6plotsfdvs.Rc/Rdwhere,
followingMeidt(2016),weusefdasaproxyfortheden-
sitydistribution.Inthecaseofapower-lawρ∝r−k,the
relationbetweenfdandRc/Rd(andΣc/Σd)dependson
thepower-lawindex,i.e.logMd/Mc=(3−k)logRd/Rc
(seeeq.19).Fromtheslopeofthebest-fitlinearrela-
tioninthefigure,weinferk∼0.8. Wethereforeadopt
k=1inwhatfollows,unlessotherwisenoted.
TherightpanelofFigure6showsthevariationin ffas
afunctionofγontheoutermeasurementscalethrough-
outthestudiedpopulation,where ffisestimatedfrom
themeasuredSFEusingthefree-falltimeattheob-
serveddensity,i.e.,ff=SFEtff.Theestimatedγ(and
tcollandγ0assumingk=1)atagivendensityinagiven
clouddependsbothonthepropertiesofthegasandthe
cloud’s(radial)locationinthegalaxy. Foreachcloud
weestimatethesurfacedensityΣiatscaleRifromthe
meancloudsurfacedensityΣ=Mi/(πR

2
i)derivedfrom

thegasmassMiinsidethemeasuredsizeRiusingthat,
forournominaldensityprofile,Σc=(3−k)/(4/k)Σ. We
usetheobservedpropertiesoftheMilky Way’srotation
curve(Reidetal.2014)toestimatetheepicyclicfre-
quencyκforeachcloud’sposition(assignedbyVEH16).
Wethenusethistoestimatetheverticalfrequencyνfol-
lowingtheapproximationgiveninPaperI,assuminga
thinstellardiskscaleheightof300pcintheMilky Way
(Gilmore&Reid1983;Rix&Bovy2013). Notethat,
bycombiningtheseestimatestoyieldameasureofσgal,
wedonotaccountforlocalgasmotionsassociatedwith
non-axisymmetricstructuresinthedisk. Thusoures-
timatesofγmaybeunrealisticallyhighforthissetof
MWclouds,whichpopulatetheSagittariusarmandan
extrapolationofthearmspuridentifiedbyXuetal.
(2016).
ThelocalcloudsinFigure6exhibitawiderangein
ff,highlightingcloudmaterialinvariousstatesofcol-
lapse. Localcloudstendtofalloneithersideofthe
γcoll=2.5line,dependingondensity. Thislinealso
tendstoseparatecloudsintohighandlowefficiencystar
formation. Towardthelowerendofγ0,amajorityof
themeasuredffatlowdensityaresystematicallylower
thantheoveralllevelofthepointsinthefigure.Thisis
consistentwiththeincreasedcouplingofthegastothe
galaxypotentialpredictedbythebottleneckmodel.Ac-
cordingtothemodel,forafixedinternaldensitydistri-
bution,observedstarformationefficiencies fffallbelow
thevalueof whentheyreflectacontributionfromthe
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environment-dependent,non-collapsingcloudenvelope
(seeEq.(18)).Therelationbetweenffandγpredicted
inEq.(18)inthiscasedependsonthedistributionof
material.Thethinblacklineshowstherelationassum-
ingthevaluek=1inferredfromtherightofFigure
6.(Forreferencetherelationassumingk=1.5isalso
shown.)
Thegreater majorityofpointssamplinghighergas
densitiesfallaboveγ0 =2.5. AssuggestedbyFig-
ure6,theseprobethefairlypervasivecollapsepredicted
inmoleculargasaboveasurfacedensity100M pc−2.
Inthecontextofourmodel,atthesedensities,thegas
shouldbefullydecoupledfromthegalaxyandableto
undergoapproximatelyfree-fallcollapse.
FromFigure6wecaninferthatevenindecoupledgas
ffiswellbelowavalueofunity,whichwetakeasan
indicationthatcollapseinthisregimeisregulatedby
non-gravitationalfactors,asdiscussedin§2.2.Italso
exhibitssignificantvariation(asmuch1dex),mostof
whichispresumablyduetotemporalvariations(Feld-
mann&Gnedin2011;Leeetal.2016;Grudicetal.
2018),althoughdifferencesinthewaythematerialis
distributedwithincloudscanalsocontribute(i.e. Tan
etal.2006;Burkhart2018;Parmentier2019). Over-
all,however,theobservationsfromthedecoupledre-
gionoftheplot(withγ0 2.5)suggestafairlyregular
ff=0.04onaverage,thoughwithmodestevidencefor
adecreasewithincreasingdensity(orγ).Forthepur-
posesofinvestigatingenvironmentalvariationsinstar
formationefficienciesduetothegalacticbottleneck,we
willadoptthisaveragevalueinwhatfollows,although
itshouldbenotedthatadditionalvariationistobeex-
pectedduetothespreadin incollapsinggas. Ac-
cordingtoeq.(A1)inAppendixA, canbeestimated
fromff inthestronglyself-gravitatingregime,(when
tcoll≈tff)as =δ

−1
d ff.

Thiscalibrationof yieldsanimportantanchorfor

themodelattheonsetofcollapse.Fromthemeasured
cloudpropertiesinFigure6wefindlogδd/tff,coll=
logδdSFEcoll[Myr]=−2.0±0.2onaverage,usingthe
averagefree-falltimeof4Myrformaterialwithγ=2.5
andourcalibrationff=0.04.Thisisconsistentwiththe
averagevaluedeterminedbyVEH16acrossthehighden-
sitysubsetofthemeasurementsconsideredhere. The
strongresidualvariationintheobservedSFE=δd/tff
foundbyVEH16wouldthenberelatedtovariationsin
free-falltime(andcollapsetime),asweexploreinthe
nextsection.Inwhatfollows,wewillusethiscalibra-
tionasaconstraintonSFEcoll[Myr]∼−2.0,byadopt-
ingk∼1andδd∼1(seeAppendixA)appropriatefor
thecloudsinthissample.

4.1.2.Predictionsoffree-fallcollapsevs.inhibited
collapseincoupledgas

WithintheMWcloudsstudiedintheprevioussection,
thehighdensitymaterialappearstobedecoupledfrom
thebackgroundgalacticpotentialandabletoformstars
atafiducialfree-fallrate,whilethelowerdensitymate-
rialisobservedtoformstarswithlowerefficiency.Inthis
sectionwedemonstratehowthebottleneckmodelpro-
videsacontinuousdescriptionofstarformationacross
thesetworegimes. Wecomparethestarformationef-
ficienciespredictedwithourcollapsetimescaletothe
efficienciespredictedinamodelofuniversalfree-fallcol-
lapse,asshowninFigure7.Bothsetsofpredictionsare
anchoredusingourcalibrationforauniversalaverage
δd =0.04.Forthepredictionsofthebottleneckmodel
plottedinthefigureweadoptk=1(seeFigure6).
Hereagainwedistinguishbetweenhighandlowdensity
tracers.
Thereareseveralnotablecharacteristicsintheright
panelofFigure7.First,thetwopredictionsoverlapat
highdensity(asindicatedbytheoverlapbetweenthe
highdensityblackcirclesandred-outlinedblackdia-
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Fig. 7.—(Left) Comparison between the observed SFEobsand the SFEmodel predicted by either the bottleneck model (black and
gray circles) or the free-fall model (red outlined diamonds). Measurements from two density regimes within the clouds are shown (low:
gray and high: black). Error bars are shown only on the bottleneck model predictions and reflect propagated uncertainties on either the
measured mass and star formation rate (vertical) or the cloud mass and size (horizontal). The black line indicates equality. The gray
(red) dashed line shows the best-fit relation to all points predicted by the bottleneck (free-fall) model. (Right) Histograms of observed and
predicted SFE in local clouds. In both panels, observed SFEs are shown in light gray with a black dashed boundary and the predictions of
the free-fall model are shown in red. Two predictions of the bottleneck collapse model are highlighted (dark gray) assuming two different
power-law indices:k= 1 (top) andk= 2 (bottom).

monds), which stems from the similarity between the
collapse timescale and the free-fall time at these den-
sities. In this region of the plot, both predictions (by
construction) also show good consistency with the obser-
vations. The basic model of star formation proceeding
in a free-fall time, with a universal,isabletoroughly
capture systematic variation in observed SFEs. Note
that, in the context of the model, the residual scat-
ter present in the figure would be attributable to de-
viations from the assumed universal efficiency (and/or
departures from the adopted model for internal cloud
structure). We therefore restrict the present discussion
to the possibility that systematic variations in the mea-
sured SFEs can be described by environmental depen-
dencies in the model.
At lower density, the predictions diverge from each
other (as highlighted by offset between low density gray
circles and red-outlined gray diamonds). The bottleneck
model predicts SFEs a factor of 5−10 lower than the
free-fall model. This leads to better agreement between
the predictions of the bottleneck model and the obser-
vations. The slope of the best-fit line between the obser-
vations and the predictions in the log-log plot in Figure
7is∼7 in the case of the universal free-fall model and
∼2 in the case of the bottleneck model withk=1. Al-
though the bottleneck predictions tend to appear more
scattered than the free-fall predictions, they deviate less
from one-to-one; the mean deviation of the bottleneck
model from unity is a factor of 2 lower than the free-fall
prediction.
As illustrated by the histograms of SFE in the right
panels of Figure 7, the strength of the bottleneck model
(dark gray) lies in its ability to cover the full range in ob-
served SFEs (light gray), which extend nearly two orders

of magnitude lower than those predicted by the free-fall
model (red). However, even in this case, the low-density
SFEs still do not reach low enough to fully match the
observations. There are several reasons that predictions
for the low-density SFEs could be preferentially high.
The first is the possibility of systematic variation in the
distribution of densities below the cloud scale, which is
not presently accounted for. A factor of 2 decrease in
the13CO conversion factor from the value assumed by
VEH16 (as indicated by observations and PDR models
of the ratio W(13CO)/W(12CO) at lowAV throughout
the Perseus molecular cloud complex; Pineda, Caselli
& Goodman 2008) would also bring the measured and
predicted SFEs at low density into better agreement.
Underestimation of the SFE at low density might also
reflect the importance of spiral arms on local motions,
which are not accounted for by the present estimate of
κin Eq. (1). (An underestimation ofκwould be ex-
pected to have larger consequences at low density when
self-gravity and the energy in galactic motions are more
comparable.)
Despite these issues, Figure 7 demonstrates that the
bottleneck model captures one of the key features of the
observations, namely the decreased efficiency of star for-
mation at low density compared to higher density.

4.2.Environmental variations in star formation
efficiencies

In this section, we use the bottleneck model to high-
light scenarios in which the onset of collapse and star
formation in molecular gas vary systematically with en-
vironment. Our main aim here is to provide a sense
for how much of the observed variation in SFE can be
attributed to the galactic bottleneck. As emphasized
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earlier,thedetailsofturbulence-regulatedstarforma-
tioncouldleadtodeviationsfromeithertheuniversal
orefficiencySFEcolladoptedatpresentbythemodel
and/orouradopteddescriptionofinternalcloudstruc-
ture. Withoutadetailedpictureforhowthesequan-
titiescouldvarysystematicallywithenvironment,we
assumethatdeviationsfromouradoptedmodelwillin-
troducescatterabouttheprimarytrendspredictedby
themodel. Observationalconstraintsonthisvariation
willbekeytoimprovingpredictionsofthemodelinthe
future.

4.2.1.Inefficientstarformationingalaxycenters:
applicationtotheCentralMolecularZone

Inthe maindiskenvironmentofthe Milky Way,a
largefractionofthematerialincloudsabovedensities
probedby13CO(1-0)emissioniscollapsingandforming
starsnearthefree-fallrate,giventhesizesandmasses
oftheemittingregions. Accordingtothestronglyre-
strictedcollapsingmassfractionatsmallgalactocentric
radiiinourmodel(seeFigure8),galaxycenters,incon-
trast,areprototypicalsiteswheremoleculargasmaybe
preferentiallyfoundtoformstarsinefficiently.
Weemphasizethat,asexpressed morepreciselyin
Eq.(16),whetherornotstarformationissuppressed
inthecenterenvironmentdependsontheexactdistri-
butionofgasdensities,i.e.,deviationsfromthebasicax-
isymmetricexponentialdiskmodelsadoptedhere,such
asintheformofringsoratthelocationsofbarends.
Thegasintheseregionscanlocallyreachsuchhighden-
sitiesthatitmaybestronglyself-gravitatingeveninthe
presenceofastronglyvaryingcentralgalacticpotential
sothatstarformationproceedsefficiently(e.g.,Utomo
etal.2017). Togetageneralsenseforthedegreeto
whichourbasicpictureofstarformationrestrictedby
galacticmotionsapplies,hereweapplytheframeworkof
ourmodeltothegasobservedintheCentralMolecular
Zone(CMZ)ofourownGalaxy,wherestarformation
isobservedtobestronglysuppressed(Longmoreetal.
2013a;Kruijssenetal.2014).
For moleculargaswithsurfacedensityΣgasacross

someareaAthatisformingstarsatarateṀstar,we
expressthestarformationratesurfacedensityΣSFR=
Ṁstar/Aas

ΣSFR=δdSFEcoll
γ
2(k−3)/k
coll

tcoll,on/tff,coll
fcΣgas

Mcoll
Mc

,(22)

wherefcisthecloudfraction,SFEcoll= /tff,collrep-
resentstheefficiencywithwhichfree-fallinggasforms
starsatdensitieswheregasbeginstocollapse,δdex-
pressesthattheintegratedSFEdependsontheinternal
densitydistribution(see,e.g.Burkhart2018;Parmen-
tier2019,AppendixA),tcoll,on=2.4tffisthecollapse
timewhenthethresholdγcoll=2.5isreached(atwhich
pointtff=tff,coll),andMcoll/Mcisthecollapsingmass
fractionofthegasregulatedbythegalaxypotentialas
describedin§3.3.
AssumingthatthegascontainedintheCMZisor-
ganizedentirelyintoclouds(fc=1)withinternalden-
sityprofilesρ∝r−kwitheitherk=1.5ork=2sothat
Mcoll/Mc=(ρcoll/ρc)

2(k−3)/k,wecanusethecollapse
fractionofthecloudstoestimatethestarformationrate

there. Usingthepropertiestabulatedforseveralwell-
studiedregionsintheCMZbyKruijssenetal.(2014),we
estimateMcoll/Mcbyfirstdeterminingthegasvolume
densityρc(fromthetabulatedsurfacedensityandver-
ticalscaleheighth)andthenρcollaccordingtoEq.(15).
Forthegalacticcenterenvironment,thepotentialgradi-
entintheplaneisexpectedtobecomecomparabletothe
gradientintheverticaldirection. Wethusassumethat
galacticmotionsareisotropicandreplace(κ2+2Ω2+ν2)
inthedenominatorofEq.(15)by3κ2usingκmea-
suredbyKruijssenetal.2014fromtheobservedrotation
curve3).
ThestronglyrestrictedcollapsingfractionsMcoll/Mc
predictedbyourmodelinthisscenarioimplyverylow
starformationefficiencieswithinthe materialinthe
CMZ,specificallyadoptingthelevellogSFEcoll[Myr]=
−2calibratedinlocalcloudsin§4.1.1andourderived
valuesofδdforeachkgiveninAppendixA. Within
thegasvolumeoutto230pcconsideredbyKruijssenet
al.(2014),wepredictmaximumstarformationratesof
0.12−0.2M yr−1adoptingk=2(giventhetabulated
rangeofκ),ingoodagreementwithobservations(onav-
erage0.2M yr−1kpc−2acrosstheregion;Kruijssenet
al.2014andLongmoreetal.2013a;Barnesetal.2017;
seeTable1). Predictionsareloweredbyafactorof∼
20adoptingashallowerdensityprofilewithk=1.5and
wouldbeloweredstillfurtherwithk=1.
Wefindsimilarlygoodagreementbetweenthepre-
dictionsofourmodelandthemeasuredstarformation
ratesinthecloudcomplexatl=1.◦3,whichisapromi-
nentfeatureintheCMZ.Usingthedensegassurface
densityofthe‘1.◦3cloudcomplex’tabulatedbyKruijs-
senetal.(2014),weestimatemaximumstarformation
ratesofΣSFR=0.2−0.4M yr

−1kpc−2(again,forthe
tabulatedrangeofκandadoptingk=2).
Themodelprovidesaweakermatchtothe‘100pc
stream’,wherethedensestcloudsandmostofthestar
formationactivityintheCMZarelocated.Inthiszone,
ourmodelpredictsstarformationratesthatoveresti-
matethecurrentobservedSFRatthatlocationbyfac-
torsof4−8whenk=2isadoptedand2−5evenwhen
theshallowerprofilewithk=1.5isadopted(seeTa-
ble1). However,thispredictionshouldbeconsidered
inthecontextofmodelsforstarformationintheCMZ
environment,whichpredictthattheCMZiscurrently
experiencingastarformationlullduringanepisodiccy-
cle(e.g.,Kruijssenetal.2014;Krumholzetal.2017).
TheincipientSFRmaythereforebehigherthantheone
currentlyobserved.Indeed,themodelpredictstheSFR
expectedgiventhecurrentstateofthegas,whereasSFR
measurementsprobetheendresultofpreviouslyexist-
inggasclouds.
Ingeneral,ourmodelprovidesacompellinginterpre-
tationofthelowobservedstarformationratesinthe
(outer)CMZthatseveralothertheoreticalestimates

3AstheregionofinterestlieswithintheinnerLindbladreso-
nanceofthe Milky Way’sbar,Ω−Ωp<2κ,andweexpectthat
thevaluesofκassumedhere(Kruijssenetal.2014;basedonback-

groundrotation)tobewithinafactorof
√
2fromthearguably

morepreciseestimationoftheepicyclicmotionsgiveninPaperI
thatexplicitlyaccountsfortheeffectofthebar. Sincethisis
withintheaccuracyquotedbyKruijssenetal.(2014)—givenun-
certaintiesinthecircularvelocityduetoprojectioneffectsaswell
asuncertaintyintheproximityandorientationoftheregion—we
ignorethisfactorhere.
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TABLE1
Starformationratesinthe Milky WayCMZ

Region ObservedΣSFR
a PredictedΣSFR

b,k=2 PredictedΣSFR,k=1.5
(M yr−1kpc−2) (M yr−1kpc−2) (M yr−1kpc−2)

230pc-integrated 0.2 0.12−0.2 0.006−0.009
1.◦3cloudcomplex 0.13 0.21−0.4 0.013−0.025
100pcstream 3.0 12.6−25.9 6.8−14.1

aAdoptedfromKruijssenetal.(2014).
bDerivedwithourmodelofdynamicalregulationaccordingtoEq.(22)usingthegassurface
densityandrangeinepicyclicfrequenciestabulatedforeachregionbyKruijssenetal.(2014)
tocalculatethecollapsetimescale(andthecollapsemassfraction);seetextfordetails.

(i.e.,tabulatedbyLongmoreetal.2013a)failtomatch
byasmuchasafactorof10.Ourmodelbettercomple-
mentstwolinesofrecentworkthatincorporateanin-
creaseinthedensitythresholdforstarformationinthe
CMZasaresultofhighturbulentpressure(e.g.,Rath-
borneetal.2014;Federrathetal.2016)andaccountfor
theimpactofturbulencedrivenbyshear-drivenacoustic
instabilities(e.g., Montenegroetal.1999;Kruijssenet
al.2014),whichhavebeenfoundtobesufficienttoex-
plaintheobservedgasvelocitydispersionsinthisregion
(Krumholz&Kruijssen2015;Krumholzetal.2017).In
ourmodel,thebackgroundgalaxyisresponsiblebothfor
in-planeshearassociatedwithepicyclicmotions(which
alsodrivestheacousticinstability)andverticalmotions
thattogetherestablishaneffectivegaspressure. This
elevatedpressure,togetherwiththehighgasdensities
characteristicofastrongbackgroundpotential,raises
thedensitythresholdforstarformationintheCMZ.
Anobviousdirectiontoimprovethemodelwouldbeto
explicitlyincorporateturbulencedrivenbyacousticin-
stabilities(Montenegroetal.1999),whichshouldbetter
capturetheinstantaneousdynamicalstateofthegas,
e.g.,intheouter‘100pcstream’. Atpresent,predic-
tionsmoreappropriatelydescribetheinitialconditions
imprintedonthegasinthiszonewhenitbecomesself-
gravitating(Molinarietal.2011;Longmoreetal.2013b;
Kruijssenetal.2015).Thiseventmarkstheonsetofthe
evolutiontowardtheactivelystar-formingphaseinthe
cycle(forarecentreviewonthedutycycleintheCMZ,
seeKruijssen2017).
Despiteomittingthesedetails,our modelisconsis-
tentwithnumericalsimulationsofthecloudsorbiting
onthe‘100pcstream’,whichshowthattheobserved
structuralpropertiesandkinematicsoftheclouds(such
asthevelocitygradientoftheBrick)canbeattributed
toshear(Kruijssenetal.2019).Thisconsistencyisan
importantvalidationofourmodel,whichcontributesa
generalizationofanessentialpartinthisbroaderpic-
tureandemphasizestheroleofthehostgalaxyonthe
dynamicalstateofthegasinotherenvironmentsaswell.

4.2.2.VariationsinSFEthroughoutgalaxies
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Theprevioussectionsdemonstratethatstarformation
onthecloudscaleismadeinefficientbythesuppression
ofstarformationinthecloudenvelope,wheregalactic
motionskeepthegasweaklyself-gravitating.Theonset
offree-fallcollapseislimitedtohighdensitymaterial,
leadingtomorestarformationperunitmassindensegas
comparedtolowerdensitygas,asexhibitedbycloudsin
theMilky Way(seeprevioussection).

Fig. 8.— Variationinthedensegasstarformationeffi-
ciencySFEdensewiththe moleculargassurfacedensityΣH2 on
scaleRc=300pc.Predictionsfromsemi-empiricalglobalgalaxy
modelsareshownastwosetsofcoloredlines,assumingpower-
lawdensitydistributionswitheitherk=2(solid)or k=1.5
(dotted),withcolor-codingbygalaxystellar massintherange
9.25<logM/M <10.75instepsof0.25logM/M (fromlow
tohigh,bluetored). Curvesextendoutto2.5Re,enclosingthe
brightestmolecularemissionintypicalnearbystar-formingdisks
(Schrubaetal.2011). Predictionsfork=1.5arescaledupbya
factorof10.Thegraydottedhorizontallinemarkstheefficiency
logSFE[Myr]=−1.6measuredbyEvansetal.(2014)inthehigh
densitystar-forminggasinlocalclouds. Theobservedrelation
betweenSFEdenseandΣH2measuredwithanaveragebeamsize
of1.5kpcbyUseroetal.(2015;U15)isshownasagraysolid
linewhilethetrendimpliedbytherelationidentifiedonsimilar
scalesintheinnerregionsofasimilarsetofgalaxiesbyGallagher
etal.(2018a)isshownasagraydashedline. Theblackdashed
linehighlightstheoverallgenerictrendpredictedbyourmodelde-
scribedinthetext. Theincreasinglimittocollapseinmolecular
gasimposedbythestrengtheningofcloud-scaleorbital motions
atsmallergalactocentricradius(coincidingwithanincreasein
thestrengthofthepotentialandΣH2)leadstoadecreaseinthe
star-formingfractionofthegasandthusadropinSFEdensewith
increasingΣH2.

Fromthisperspective,variationsinthestarforma-
tionefficiencyoncloud-scalesarelargelyrelatedtovari-
ationsintheamountof materialintheweaklyself-
gravitatingenvelopeortovariationsintheamountof
bound,stronglyself-gravitatinggas(seealsoOstriker
etal.2010). However,evendensegasprobesmayex-
hibitvaryinglevelsofstarformationefficiency,depend-
ingonthematchbetweenthethresholdρcolland,e.g.,
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thecriticaldensityofthetracer(orhowmuchofthe
non-collapsingenvelopematerialisalsotraced).
Inourformalism,thisisquantifiedasadeviationof
theratioMcoll/Mdfromunity.SinceMcolldependson
therelativestrengthsofgasself-gravityandthegalactic
potential,whichvaryfromenvironmenttoenvironment,
thestarformationefficiencyperunittimemeasuredin
thedensegas,SFEdense,mayalsoreflectthedecoupling
ofgasfromthegalaxyandexhibitcharacteristicvaria-
tionswithothergloballyvaryinggasproperties.
Asanillustrationofthisbehavior,belowwehighlight
howSFEdenseispredictedtovaryinoursemi-empirical
globalgalaxymodels(see§3.1). Forthisexercisewe
assumethatthedecoupled,collapsinggasformsstars
withauniversalefficiencyperfree-falltime,asdiscussed
in§4.1.ThisallowsustorelatevariationsintheSFE
ondifferentscaleswithincloudstotheinfluenceofthe
galacticbottleneck.
Foreachgalaxymodel,weestimateSFEdenseaccord-
ingto

SFEdense=
fcSFEc
fd

(23)

wherefdisthedensegasmassfraction,fcisthecloud
fractionbymass,andSFEcisthestarformationrate
inEq.(12)perunitgasmassonsomescaleRc.
Giventhevaluesofγtypicaloncloudscalesinour
empiricalcloudandgalaxymodels,thestarformation
proceedsintheweaklyself-gravitatingregime,reducing
Eq.(23)to

SFEdense=
fcδdSFEcoll

fd

γ
2(k−3)/k
coll

tcoll,on/tff,coll

ρcoll
Σc/(2Rc)

(k−3)/k

=
fcδdSFEcoll

fd

γ
2(k−3)/k
coll

tcoll,on/tff,coll

×
2π(3ak/5)GΣcR

−1
c

κ2+2Ω2+ν2

(3−k)/k

(24)

Inthisexpression,afractionfcofthegasisassumed
tobearrangedintocloudswithcharacteristicsizeRc,
withthedensityonscalessmallerthanRcdistributed
accordingtothenominalinternaldensitydistribution
ρ∝r−k.Forthepredictionsinthissectionweconsider
power-lawswitheitherk=1.5ork=2.
Thecollapsing massfractionbelowscaleRcrepre-
sentedbythefactorinparenthesesisestimatedasin
§3.3,usingtheκandνimpliedbytherotationcurve
(andstellarscaleheight)atagivengalaxymasstogether
withourmoleculargassurfacedensitymodelΣH2. To
matchthescalesprobedbytheextragalacticobserva-
tionsofU15and Gallagheretal.(2018a)weadopt
Rc=300pc.OurmodelforΣH2providesagoodmatch
tothegassurfacedensitymeasurementsonthisscale.

Thefactorγ
2(k−3)/k
coll /(tcoll,on/tff)inEq.(24)isacon-

stantfactorthatdepends,foragivenk,ontheproper-
tiesofcollapsederivedin§2.4.Inprinciple,thedense
gasfractionfdalsofollowsfromtheassumeddensity
distribution.Inpractice,weestimatethecloud-scalefd
usingtheempiricalrelationbetweenthedensegasfrac-
tionΣdense/ΣH2andΣH2/ΣHIfoundon∼1kpcscalesby
U15,whichisbetterconsistentwiththenominalk=2
model(Meidt2016). ToassignavalueofΣdense/ΣH2

atagivenΣH2 weassumethatΣHI =10 M pc−2,
appropriateformassivegalaxieswithapproximateso-
larmetallicity(Schruba,Bialy&Sternberg2018). To
furtheranchorourpredictions, wesettheefficiency
logSFEcoll[Myr]=−2±0.03totheaveragevaluemea-
suredin§4.1.1inthelocalcloudsstudiedbyVEH16.
Figure8showsthevariationofSFEdensepredicted
byEq.(24)asafunctionofmoleculargassurfaceden-
sityΣH2 assumingfc=0.5. Eachlinerepresentshow
SFEdenseandΣH2areexpectedtovaryinagalaxywith
stellarmassintherange9.25<logM /M <10.75.
Forthesepredictionsweassumethatthedistributionof
recentstarformationhasthesamefillingfactorasthe
densegas.
Twosetsoflinesthehighlightpredictionswitheither
k=1.5ork=2assumedforthedensitydistribution
belowRc.Specifictoeachkweadoptthevaluesderived
forδdinAppendixA.Sinceweexpecttheprediction
assumingk=2tobemoreinternallyconsistentwithour
adoptedprescriptionforfd,wewillfocusourdiscussion
onthisbelow,andcommentonthepredictionfork=1.5
attheendofthesection.

4.2.3.CharacteristicdeclineofSFEdensetowarddense
regions

AsillustratedbythetrendsinFigure8,thegalac-
ticbottleneckmodelreproducesthedeclineinSFEdense
withincreasingΣH2 observedonlargescalesinnearby
galaxies(U15Gallagheretal.2018a;Querejetaetal.
2019;Jiḿenez-Donaireetal.2019). The modelfur-
thercaptures—withessentiallynotuning—thelow
levelofstarformationobservedoverall. Fourfactors:
γ
2(k−3)/k
coll /(tcoll,on/tff),SFEcoll,δdandfddirectlydeter-
minethenormalizationofSFEdensewhileanotherthree
indirectlyinfluencethestarformationrate(describedin
§4.2.4).Thelastthreeofthesefactorsarechosenbased
onanempiricalmeasurementormotivatedbyobserva-
tions. Thefirstofthesefactors,ontheotherhand,is
directlypredictedbyourmodelforcollapse.Theclose-
nesswithwhichourpredictionsforSFEdensematchthe
lowlevelsobservedthusmostlyservesasvalidationof
thisfactor.Aswillbediscussedfurtherbelow,however,
givenouradoptedSFEcollandfd,thismatchapplies
onlytoarestrictedrangeofinternaldensitypower-law
indices,sincedifferentvaluesofkcanyieldawiderange
ofSFEsinequalmassclouds(seeAppendixAand,e.g.,
Burkhart2018;Parmentier2019).Notethat,tomatch
theobservations,thefactorδdforthek=2casecannot
bemuchhigherthanthevalueδd=3.5assumedinthe
figure(seeAppendixA),unlessSFEcoll-and,inpar-
ticular–isnotalsolowerthancalibratedin§4.1.1.
Intheremainderofthissectionwefocusonthesys-
tematicvariationinSFEpredictedbythebottleneck
model. ThecharacteristicdeclineinSFEdensewithin-
creasingΣH2 inthecaseofeitherk=1.5ork=2
owestotheconditionσsg/σgal≈1typicalintheinner
molecule-richdisksofgalaxies(see§3.1.1). Asare-
sult,overallEq.(24)withk=2impliesSFEdense∝
SFEcollf

−1
d .Sincewehaveassumedthedensegasfrac-

tionfdvarieswithgalacticenvironmentasfd∝Σ
1/2
H2

(U15andseeMeidt2016),thepredictedSFEdenseover-

allfallsoffroughlyproportionallytoΣ
−1/2
H2
.

However,themodelalsopredictscurvatureawayfrom
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TABLE2
VariationinSFEdenseduetoparameterchoices.

Parameter FiducialValue SpreadinlogSFEdense(dex)
logSFEcoll[Myr]

a −2±0.2 0.2
fd(x=ΣH2/ΣHI)

b 10−1.46±0.04x0.29±0.04 0.03
measurementscaleRc[pc] 300±100 0.1

clumpingfactorcc 1−2 0.16
δd
d 1.33-3.5 0.4

stellarmass(logM ) 10±0.75 0.17
spiralKe ··· 0.23

aAdoptingtheempiricalvaluedeterminedin§4.1.1
bBasedontheUseroetal.(2015)fittoobservationsofdensegasinnearbygalaxies.
cThisfactorspecifiesthescalingbetweenthesurfacedensitymodelonscaleRc
andtheglobalmoleculargasdistributionimpliedbygalaxyscalingrelations(see
PaperI),i.e.Σc=cΣH2.Theadoptedrangeofvaluesischosensothatthemodel
matchesobservationsmadewitha0.5-1kpcbeampresentedbyU15andGallagher
etal.(2018a).LargervalueswouldberequiredforsmallerRc.
dThefiducialrangespansapproximatevaluesforpower-lawprofileswithindexkin
therange1-2(seeAppendixA).
eThisincorporatesanincreaseinthelocalepicyclicfrequencyinthepresenceof
anindependentlyrotatingspiral(orbar)patternfarfromcorotation,asgivenin
PaperI.

theΣ
−1/2
H2

line.Thisstemsfromvariationinthecoupling
ofthedensegastogalacticenvironmentencodedinthe
systematic(ifmodest)variationofthefactorσsg/σgal,
whichfollowsfromthefasterriseinthestrengthof
theexternalpotentialcomparedtoΣH2 towardgalaxy
centers. Thissamebehaviorleadstothevariationin
Mcoll/McpredictedonthecloudscaleinFigure5.

4

Asaresultofthisadditionalcouplingtogalactic
environmentinthe model,thepredictedrelationbe-
tweenSFEandfd,andthusalsoΣH2,isenvironment-
dependent.Ingalaxycenters,theSFEfallsoffmore
rapidlywithincreasingΣH2thaninthemaindiskenvi-
ronment.Observationssuggestthatthissortofenviron-
mentaldependencemayberecognizable. Therelation
betweenSFEdenseandΣH2 fittedtotheinnerregions
ofnearbygalaxiesbyGallagheretal.(2018a)issteeper
thantherelationfittedbyU15,whotargetedregions
samplingfurtheroutinthediskthantheslightlyhigher
resolutionmapsstudiedbyGallagheretal.(2018a)cov-
eringtheinner3−5kpc;ofthe62regionssampled
byU15,1/3arelocatedatradiibeyond4kpc.Itis
worthnoting,though,thatstrongbarandspiralfea-
turesmaytendtodegradethestrengthofthetrends
inFigure8predictedinthecasetheaxisymmetricdisk
modelsadoptedthere.
Theimportanceoftheenvironmentalcouplingforthe
relationbetweenSFEandΣH2 alsounderlinesthesen-
sitivitytothegasdensitydistributionbelowscaleRc,
ashighlightedintheFigure8.Aspreviouslynoted,for
afixedthresholdρcoll,shallowerprofileshavealarger
cloudenvelopeofdecoupledmaterial,reducingthestar

4Itshouldbenotedthattheprominenceofthecurvaturede-
pendsontheCO-to-H2conversionfactor.InPaperI,wepredicted
thattheCO-to-H2conversionfactorvarieswithgalactocentricra-
dius,accordingtothechangeintheinternalgaskinematicswith
Rgalresultingfromvariationinthebalancebetweenself-gravity
andtheexternalpotential(whichalsoregulatesthecollapsing
fraction). Thesenseofthevariationwouldtendtominimizethe

curvatureawayfromtheΣ
−1/2
H2

lineinFigure8.

formationefficiency measuredonscaleRc. Thescal-
ingfactorδdisalsolowerinsuchcases(seee.g.Tan
etal.2006;Parmentier2019,andAppendixA).Thisis
responsiblefortheoffsettowardlowerSFEspredicted
bythemodelwithk=1.5inFigure8,whichbecomes
morenotablewhenpairedwiththeexceptionallyele-
vatedcollapsethresholdcharacteristicofgalaxycenters.
Weemphasize,however,thatthebehaviorhighlighted
inthefigureislikelyanexaggerationconsideringthata
sharpdecreaseincloudscalecollapsefractionwouldnor-
mallybecompensatedbyamatcheddecreaseindense
gasfraction. Atpresent,however,thepredictionsfor
k=1.5showninFigure8adoptthesameempirical
modelforfdusedforthek=2predictions,aswellas
thesame (andSFEcoll).
Aswillbeaddressedmoreinthenextsection,com-
parisonsbetweenthe modelandobservationscanbe
usedtoplaceconstraintsonthedegreeofenvironment-
dependentvariationspossibleinseveralofthefactors
thatareassumedtobeuniversalinthecurrentsetof
modelpredictions(or,independentofprocessesonthe
outercloudscaleandbeyond). Thusitisimportant
toemphasizethatpredictionsforSFEdensetobecom-
paredtoobservationsshouldbederivedbasedonthe
observedstructureofthegalaxypotentialanddistribu-
tionofmoleculargas,aswellastheexpectedproperties
(size,surfacedensity)ofthecloudpopulation,which
areonlyapproximatedbythesemi-empiricalmodelof
galaxymorphologyanddynamicsinvokedhere. Weex-
pectthatvariationsincloudsize(aspredictedacross
galaxydisksin§B.2,butnotassumedinFigure8)will
restrictthecurvatureinSFEdensevs.ΣH2togalaxycen-
ters(highΣH2),forexample.

4.2.4.VariationsinSFEdenseduetoparameterchoices

Despiteincorporatingonlythebasicgravitational
factorsinfluencingtheorganizationandkinematicsof
moleculargas,ourmodelforthecouplingofcloudsto
theirenvironmentcapturesthebroadbehaviorofSFEs
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observed at or beyond the cloud scale across galaxy
disks. This would tend to suggest that additional fac-
tors that could introduce changes in, e.g., internal cloud
structure, the onset of self-gravitation or are not
strongly environment-dependent. These factors may,
however, be responsible for overall shifts toward lower or
higher SFE or lead to scatter in the observational trends
highlighted in Figure 8 which would reflect the impor-
tance of the regulation of the star formation process on
small scales. Deviations between our model and obser-
vations could provide a way to constrain the degree to
which these factors influence extragalactic observations
of molecular gas and star formation.
For this purpose, in Table 2 we tabulate the variation
inSFEdense(at fixed galaxy mass) characteristic of the
main disk environment of galaxies given the variation of
all adopted parameters in Eq. (24) within their measured
(or otherwise realistic) ranges. This includes uncertain-
ties in the assumedSFEcoll,aswellasrealisticrangesin
the scalingδd, the clumping factorc

5and cloud radius
Rc. Note that, to generate realistic predictions with our
‘global galaxy models’, the choice ofchere is coupled
to the adoptedRc. Generally, however, a largerRcwill
lower the SFE, while a higher clumping factor will raise
it.
According to our model, variations in the rotation
curve shape and normalization can introduce as much
as±0.17 dex scatter inSFEdenseat fixed surface den-
sity throughout a survey of galaxies with stellar masses
in the range 9.25<logM /M <10.75. The relation
fitted by U15 to measurements throughout the disks of
29 galaxies with a similar range in galaxy mass exhibits
slightly less scatter (0.07 dex; U15. The data could vary
less than predicted given changes in the CO-to-H2con-
version factor (not accounted for in Figure 8) or as a re-
sult of the specific locations of the measurements within
each galaxy and the true mass distributions and rotation
curve shapes of the surveyed galaxies.
Systematic variations inκdue to bar or spiral per-
turbations in the stellar disk, which become stronger in
more massive disks, could also impact the spread be-
tween galaxies of different masses. As modeled in Pa-
per I, the increase inκreduces the collapsing mass frac-
tion of clouds, which in turn further suppresses star for-
mation. Using our approximation forκfar inside the
corotation radius of a density spiral pattern,Msg/Mc
is reduced by a factor 0.23 dex, systematically shift-
ingSFEdensedownward by this amount. If stellar dy-
namical features are preferentially associated with more
massive galaxies, this could reduce the range spanned
bySFEdense. However, if all of the dense gas in the
surveyed galaxies arises from molecular gas that pref-
erentially populates spiral arms and inner bar features,
theSFEdense measured throughout all galaxies would
shift downward. As indicated by Table 2, the reduced
Msg/Mcexpected in the case that the epicyclic fre-
quency in the presence of a bar or spiral perturbation

5We emphasize that the clumping factor cin the predictions in
Figure 9 has been chosen to match the molecular gas surface den-
sity predicted by global galaxy scaling relations to extragalactic
observations probing hundreds of parsecs. We find thatc=1is
sufficient but note that measured variations in the adopted galaxy
scaling relations could accommodate the higher clumping factors
measured in molecular gas by Leroy et al. (2013b).

Σ

Fig. 9.—Observed variation in the dense gas star formation
efficiencySFEdensewith gas velocity dispersionσapmeasured in
∼100 pc apertures throughout NGC 3627 (cyan; probing out to
Rgal ∼ 3 kpc), M31 (blue; out toRgal ∼ 15 kpc), and M51
(red; out toRgal∼3 kpc) (Querejeta et al. 2019, and references
therein). Gas kinematics on this scale provide a measure of mo-
tions in the galactic potential. Four bands show the decrease in
SFE withσappredicted by Eq. (C6) assuming eitherk= 2 (solid
gray) ork= 1 (hashed gray), at two different (fixed) levels of
the dense gas fractionfdand a range in gas surface density on
100 pc scales, ΣH2,ap =10−180 M pc−2 (bottom, left) and

ΣH2,ap=75−500 M pc−2(top, right). The lower/left trend for
eachkis intended to span the observed ranges in M33 and M51
(Querejeta et al. 2019) while the upper/right trend is meant to
match observations of the dense gas in NGC 3627 (Murphy et al.
2015) and assumes the relevant aperture size of 300 pc.

(Paper I) is more appropriate overall thanκfor an
axisymmetric disk could still yieldSFEdenseconsistent
with the observations given a value for at the high end
of the observed range.

4.3.Variations in SFEs with velocity dispersion

The link betweenSFEdense and gas surface density
highlighted in the previous section emerges from the
strong dependence of both quantities on galactocentric
radius, given the way mass is distributed in galaxy disks
and from the way gas is typically organized and dis-
tributed. Several other galaxy properties exhibit strong
radial dependencies, including the stellar mass surface
density and ISM pressure. In this section we cast the en-
vironmental variation predicted for molecular gas SFEs
specifically in terms of gas velocity dispersion, which
is another property observed to vary strongly through-
out the molecular gas disks of galaxies. Most recently,
velocity dispersions on the cloud scale have been tightly
linked to molecular gas surface density (Sun et al. 2018).
Together with the predictions in the previous section,
this implies that the SFE should be found to decrease
with increasing velocity dispersion. The novelty of our
model in this context is the ability to describe how
this behavior depends on the spatial scale being probed
(highlighted in§2.6) as the boundedness of gas changes.
We demonstrate this here, focussing on the large-scale
behavior of the relationship between SFE andσ,which
is arguably the most straightfoward prediction of the
galactic bottleneck model. Compared to eq. (24), which
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requiresareliabledescriptionofgalacticmotions(and
thusaccuratemodelsforκandν)6,theexpressionsde-
rivedin§2.6relyonvelocitydispersionsatornearthe
cloudscaleasthemoredirectprobeofthegalacticmo-
tionspresentonthesescaleswithinmoleculargas.
Figure9illustratestherelation(givenbyEq.(C6))
predictedbetweenSFEdenseandmoleculargasvelocity
dispersionσapmeasuredbyaperturesprobing∼100pc
scales. Themoleculargasinthisexampleisassumed
tobeorganizedintocloudswithradiiRc=30pcand
twodifferentinternalpower-lawdistributions,k=1or
k=2,belowRc.Allcloudsinagivenaperturearefur-
therassumedtohavefairlyuniformproperties,sharing
thesameinternalstructureandgassurfacedensity(as
assumedinthederivationofEq.(C6)).
TheoveralltrendbetweenlogSFEdenseandlogσapis
alinearrelationship,withslopethatdependsonk.For
eachvalueofktwotrendsareshown,eachwithaunique
valueoffd. AccordingtoEq.(C6),SFEdense∝σ

−1
ap

whenk=2andSFEdense∝σ
−4
apinthecasethatk=1.

Inbothcases,increasinggasvelocitydispersiontracks
growingstrengthinthegalaxypotentialthatincreas-
inglylimitsself-gravitationandcollapsein molecular
gas.Theresultisadecreaseinthestar-formingfraction
ofthegasandthusadropinSFEdensewithincreas-
ingσap.Thisdropismoresevereforshallowerdensity
profiles.
ThelevelreachedbySFEdenseinanyenvironment(for
agivenkandleveloffd)alsodependsongassurface
density(asindicatedbythewidthofeachbar).Alarger
amountofhighdensitygasisexpectedtobecollapsing
thanlowerdensitygasinadynamicallysimilarlocation,
increasingtheamountofgasthatgetsconvertedinto
stars,asdescribedin§3.3.

4.3.1.Comparisontoobservations

Observationson ∼100pcscalesrevealsimilarbe-
havior. IndividualdatapointsinFigure9represent
measurementsof SFEdense fromanumberofregions
throughouttheinnerdisksofahandfulofnormalstar-
forminggalaxiescompiledandmeasuredbyQuerejeta
etal.(2019). Theseassumethestandardconstant
GalacticCO-to-H2conversionfactorandHCN-to-dense
gasconversionfactoradoptedbyU15toconvertCOand
HCNluminositiestosurfacedensities.Allsurfaceden-
sitiesarecorrectedtothegalaxyplanebyincludinga
factorcos(i).Thecontributionfromself-gravitytothe
observedmotionsinallofthe100pcaperturesiscon-
firmedtobenegligible.
Overall,themeasurementsexhibitaclearlydecreas-
ingtrendbetweenSFEdenseandmoleculargasvelocity
dispersionσapon∼100pcscales(Querejetaetal.2019).
Thedecreaseissimilartothebehaviorexhibitedwhen
turbulenceon100pcscalesisdrivenbySNe(Padoanet

6Severalapproachestoobservationallyestimateκexist,e.g.
usingtherotationcurvederivedeitherdirectlyfromtheobserved
velocityfieldorfromtheinferreddistributionofmass(gas,stel-
laranddarkmatter).However,withoutdetailedmodelling,these
typesofestimatesdonotincorporatethelocalenhancementtoκ
inthepresenceofbarandspiralperturbations,asapproximatedin
PaperI,andareotherwisesubjecttothesometimeslargesystem-
aticuncertaintiesinherentinbothtypesofrotationcurvemodels
duetothepresenceofnon-axisymmetricfeatures(e.g.deBloket
al.2008; Meidtetal.2013).

al.2012,2017).7

InboththePadoanetal.(2017)andthebottleneck
models,thescatterintheobservationscanbepartially
relatedtoaresidualdependenceongassurfacedensity
(representedbythewidthofthebandsinFigure9);
higherdensitygas(withashorterfree-falltime)can
formstarsmoreefficientlyinagiven(turbulent)environ-
ment.Ontheotherhand,becauseΣH2variessystemat-
icallytogetherwithσgal(andfd)throughoutgalaxies,
theresultismorelikelysteepeningoftheoveralltrend.
Thiscouldberesponsibleforthesteeper-than-linear
trendtracedoutbythe measurementsinthenearby
galaxiesM33andM51inthecasethatk=2,although
a modelwithk=1alsoprovidesagoodqualitative
match.
PositionintheSFEdensevs.σparameterspaceisalso
sensitivetothedensegasfractionfdofanygivencloud
orregion(seeEq.(C6)),whichweexpecttovarynot
onlybetweengalaxiesbutalsowithinthem(U15;Gal-
lagheretal.2018a);forafixedρcoll,moreofthedense
gasinacloudislikelytobecollapsingwhenitrepre-
sentsonlyasmallportionofthecloud.Inthecontextof
themodel,ahigherdensegasfractioninM51compared
to M31couldleadtooveralllowerSFEsintheformer
galaxy,assumingthatthegasinbothsystemsfollowa
power-lawdistributionwithk=2.Thismightalsobe
responsibleforthehighoffsetSFEdenseatfixedσapin
thestronglybarredgalaxyNGC3627,whichhasoverall
lowerdensegasfractionscomparedtotheothersystems.
Inpractice,theshapeofthetrendbetweenSFEdense
andσisdrivenbysystematicvariationinseveralother
propertiesassumedinEq.(C6),includingthecloudfrac-
tionandtheinternaldensitydistributionbelowscaleRc.
Forthepresentstudy,ourconstraintsontheseproper-
tieshavebeenmotivatedbyGalacticstudiesbutinthe
immediatefuturePHANGSwillrevealwhetherthese
varysystematicallywithinandbetweengalaxies. Vari-
ationsinthesepropertiesmightthuseitherintroduce
scattertotheobservedrelationbetweenSFEdenseand
σap,orleadtoanon-linearrelationship.
Itisimportanttonotethatthedependenceof
SFEdenseonfdcanitselfyieldanapparenttrendbe-
tweenSFEdenseandσapwhenfdandσapvarytightly
togetherthroughoutgalaxydisks. This mightoccur
onsmallscaleswherethegasisalreadystronglyself-
gravitating,sothatσapdecreasestogetherwiththeex-
ponentiallydeclininggassurfacedensity(e.g.Sunetal.
2018).Coupledwiththeexponentialdecreaseinstellar
surfacedensityΣandfdtowardlargerRgal,σapwould
appeartovarywithSFEdense.Inthisregime,σapis
nottracinggalacticmotions(butthegasself-gravity),
inwhichcaseEq.(C6)predictsthatgalacticmotions
havenegligibleimpactonSFEdensecomparedtothede-
pendenceonfd.
Inpractice,identifyingwhetherSFEdensevariesmost
strongly withfd orσap maybedifficult,asitde-
pendssensitivelyonthemeasurementscale,andspecifi-
callywhethertheaperturesamplesthescaleatwhich
gasisdecoupledfromthegalaxysothatitcancol-

7Basedonthestarformationpropertiesofcloud-scalesimula-
tionsinwhichturbulenceisdrivenbySNeexplosions,Padoanet
al.(2014,2017)proposeanempiricalmodelfortheefficiencyper
free-falltimethatvariesasexp(−1.6tff/tdyn)wheretdyn=Rσ

−1

acrossaregionofsizeR.
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lapse.Toavoidthisambiguity,weproposethatamore
straightforwardtestofthemodelistherelationbetween
σapandthestarformationefficiencyinmoleculargas
SFE=fdSFEdenseoncloudscalesandlarger,which
isindependentoffd(seeEqs.(C6)and(C7)). Such
atestisnowbecomingpossiblewiththecollectionof
highandlowdensitykinematictracersoncloudscales
acrossavarietyofgalacticenvironmentsbeingassem-
bledbyPHANGS.Thesemeasurementswillbekeyto
characterizingthestrengthoftherelationbetweenSFE
andσapacrossarangeofspatialscales(anddensities)
andfordistinguishingbetweendifferentmodelsforthe
developmentofturbulentmotions.

5.DISCUSSION

5.1.Themoleculargasdepletiontimeofgalaxies

Thebottleneckmodeldividesinefficientstarforma-
tionintotwosources:i/alargefractionofnon-star-
forminggas,whichiskeptweaklyself-gravitatingbythe
roleofgalacticmotionsonlargescalesandii/alower-
than-unityconversionefficiency inthegasthatisde-
coupledfromthegalaxyandabletocollapse,asaresult
oftheturbulentpropertiesofgas,theimpactoffeed-
back,andtheinfluencemagneticforces(i.e.). Onits
own,thelatterinefficiencyslowsdownthestarforma-
tionprocessrelativetothefree-falltimebyanorderof
magnitude,adoptingourempiricalcalibrationfor .The
bottleneckcontributesanadditionalorderofmagnitude,
easilymakingthedifferencebetweenthelongobserved
moleculargasdepletiontimesτdep=MH2/SFR≈2Gyr
(Bigieletal.2008;Leroyetal.2013a)andtheshort
<10Myrfree-falltimesinmoleculargas.
ThesystematictrendsinSFEthroughoutgalaxiesde-
scribedbythebottleneckmodelhavefurtherimplica-
tionsforthewaygalaxiesconsumetheirgas. Atthe
sametimeasSFEdensedecreaseswithincreasingΣH2(as
exploredin§4.2.2),thedensegasfractionfdisobserved

toincrease∝Σ
1/2
H2
(U15;Bigieletal.2016;Gallagheret

al.2018a). Thisempiricaltrendhasbeenassociated
withadependenceofthedensegasfractiononpressure
intheambientISM(Useroetal.2015;Meidt2016;Gal-
lagheretal.2018a;Jiḿenez-Donaireetal.2019),which
isempiricallylinkedtotheH2-to-HIratio. Asaresult
ofthesenearlyreversedependencies,ourmodelpredicts
thattheSFRperunitmoleculargasmassismaintained
ataroughlyconstantlevel,independentofΣH2 (Usero
etal.2015). Thiswouldleadtoanapproximatelylin-
earmoleculargasKennicutt-Schmidtstarformationre-
lationconsistentwithwhatisobserved,andthecorre-
spondingroughuniversalityofthemoleculargasdeple-
tiontimeτdep(Bigieletal.2008;Leroyetal.2013a).
However,giventhatSFEdense ispredictedtovary
indetail morefundamentallywith(radiallyandaz-
imuthally)varyingdynamicalquantitiesthanwithΣH2,
themodelmorepreciselypredictsresidualvariationin
τdep=SFE

−1.Thevariationisqualitativelysimilarto
thesystematicvariationsinτdepthathavebeenshown
bySaintongeetal.(2011)andLeroyetal.(2013a)to
correlatewithglobalgalaxypropertiesandlocaldynam-
icalconditions(seealso Meidtetal.2013;Leroyetal.
2016,2017;Utomoetal.2017).
SinceSFEdensemaydecouplefromΣH2 andf

−1
d in

someenvironments,wefavorthemorestraightforward

linkbetweenSFEandthedynamicsofhostgalaxies
givenbyEq.(24)(andasre-expressedin§2.6)asa
complimenttosimilarquantitativemeasuresfortheim-
pactofdynamicsonlocalgasstabilityalreadyconsid-
ered(e.g.,Leroyetal.2008;Meidtetal.2013).
Environmentalvariationsinτdepemergeinourmodel
fromdifferencesingalaxydynamicalstructure,suchas
betweenthebulgeanddiskofagivengalaxy,orwithin
barsandspiralarms.ItisinstructivetoexpressEq.(17)
as

SFEc=
δdSFEcoll
6

δρ
torb
tff

(1+β)1+
Rgal
2z0

+1
−1/2

(25)

wheretorb=2π/Ωistheorbitalperiod,βisthegalactic
rotationcurveshearparameter,andδρisafactorof
orderunitythatdependsontheinternaldistributionof
densitieswithinthegas.Thissuggeststhat

τdep
tff
≈
δdSFEcoll
6

−1

t−1orb (1+β)1+
Rgal
2z0

+1
1/2

(26)

Atfixedtorb,gasoccupyingacentralbulge-dominated
regionwheretherotationcurveincreasesrapidly(i.e.,
largeβ)ispredictedtoformstarslessefficientlythan
equivalentgassittinginthediskofagalaxy,wherero-
tationalvelocitiestypicallyflattenout(sothatβ≈0).
Theincreasedoppositiontoself-gravitypossibleinen-
vironmentswheredynamicalfeaturelikebarsraiseκ
(notexplicitlyincorporateintoEqs.(25)and(26);see
section2.3.5inPaperI)canalsoleadtolessefficient
starformationdependingonthedensityofthemate-
rialinthebarzone(i.e.,howstronglyself-gravitating
itis).Altogether,theseenvironmentalvariationswould
leadtoscatteratfixedtorbintheresolvedstarforma-
tionrelationtracedbysetsofgalaxies. Thisisalsoa
potentialsourceofscatterinobservedglobalstarfor-
mationrelationsatfixedtorb(e.g.,Daddietal.2010;
Genzeletal.2010),asimpliedbytheglobalversionof
Eq.(26)adoptingweightedaveragingoverallradially
varyingquantities.
Likewise,differencesinglobalgalaxydynamicalstruc-
ture,suchasbetweenearly-andlate-typegalaxies,are
predictedtointroducevariationsinthestarformation
ratesupportedbygasthat mayotherwisebestruc-
turally,thermally,andchemicallyidenticalfromgalaxy
togalaxy. The moleculargasdisksin more massive
early-typegalaxieswithhighermaximumrotationve-
locities(andshortertorb)arepredictedtoformstars
lessefficientlythanequivalent moleculargasindisky
late-typegalaxies(withlongertorb). Notethat,as
describednicelybyourempirically-motivatedrotation
curvemodel(seePaperI),theinnerrotationalveloc-
itygradienttypicallyincreaseswithgalaxystellarmass
(Langetal.subm.).Asaresult,moreofthemolecular
gasinmassivegalaxiestendstositbeyondtheinitial
steepgradient,atradiiwheretherotationcurveisflat.
Thisleadstoloweroverallβavgmeasuredatradiiin-
sidethelocationofthepeakrotationalvelocitythan
measuredinlowermasssystemswithmoreslowlyrising
rotationcurves(forwhichβavginsidethepeakisoverall
higher;seeDavisetal.2014).Intermsofβavg(which
istobedistinguishedfromthelocalβthatappliesat
aparticularradius),thedepletiontimespredictedby
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Eq.(26)areconsistentwithobservationsthatsuggest
thatgasisconsumedmorerapidlywithincreasingβavg
(Davisetal.2014;Colomboetal.2018).

5.2.Regulatedstarformation

Startingwiththepictureofgasmotionswedeveloped
inPaperI,inthispaperwedescribehowthegalaxy
actsasabottlenecktostarformation,limitingtherate
atwhichgascancollapsetoformstars.Inthispicture,
theturbulentmotionsinthemoleculargasthatregu-
latestarformationarecombinedwithanadditionalset
of(threedimensional)motionsthataregravitationalin
origin,ratherthan,e.g.,purelystellarfeedback-driven.
Assuch,gasself-gravitycompeteswithorbitalmotions
(eitherinacoherentstateoroncetheyhavedeveloped
intoturbulentmotions),ratherthanbeingsupporteden-
tirelybyfeedback-driventurbulence(c.f.,Ostrikeretal.
2010andOstriker&Shetty2011).Inthisscenario,the
galacticorbitalmotionsactingwithincloudssetupan
effectivepressurethatbydefinitionbalancestheweight
ofthegasinthegalacticgravitationalfield,whichframes
thosevery(gravitational)motions. Thismakestheef-
fectivegaspressureinthiscasesimilarinmagnitudeto
thefeedback-driventurbulentpressurethatmustbal-
ancethemidplanepressuresetbytheverticalgravita-
tionalfieldinfeedback-regulatedmodels.Animportant
difference,however,stemsfromthepresenceofgasmo-
tions(andtheappearanceofvirialization)inthepresent
modelevenintheabsenceofrecentnearbystarforma-
tion.Inthispicture,starformationfeedbackwouldalso
notneedtobeasstrongaspredictedinfeedback-only
modelstoachievethesameappearanceofpressureequi-
librium.
Inourmodel,thegalaxyitselfhelpsregulatethestar
formationrateincold,densemoleculargas.Thisregu-
lationstemsfromthedynamicalpropertiesofgalaxies,
whicharesuchthat,onthe(cloud)scaleonwhichthe
coldgasisstructured,thegasismaintainedinastate
whereself-gravityisbalancedalmostentirelybymotions
inthegalacticpotential,signifiedbyQ≈1(Meidtetal.
2018).Althoughthespecificgalaxyevolutionaryfactors
thatallowthisregulatoryqualitytodevelopareyetto
beshown,itclearlyreliesonthedistributionofmassand
angularmomentumingalaxies,aswellastheamountof
densegasanditscharacteristicexponentialdistribution
(e.g.,Elmegreen&Struck2013;Struck&Elmegreen
2018).Giventhesefactors,thegasthatisabletoform
starsingalaxiesisobservedatdensitiesforwhichself-
gravityismostlymatchedtothemotionsinducedbythe
backgroundgalaxypotential.
Thisideaofa‘galacticequilibriumstate’providesa
usefulcontextforunderstandingtheprogressofstarfor-
mationovertime,evolvingtogetherwithgalaxymor-
phology.Italsoprovidesacompellinginterpretationfor
extremesofstarformationintermsofdeviationsfrom
this‘galacticequilibriumstate.’Forexample,starbursts
wouldbedescribedasaconsequenceofgasbuild-up(fol-
lowinginflowdrivenbystrongtorquing)thatleadsto
asubstantial‘excessaboveexponential’inthemolec-
ulargasdistribution. Withenoughgasconfinedto
asmallarea,itcanbestronglyself-gravitatingwith
σsg σgalevenwhenthegalaxypotentialislocally
strong.Asaresult,moreofitcancollapseandgetcon-
vertedintostarsmuchmorerapidly. Conversely,the

suppressionofstarformationassociatedwithadecrease
inefficiencyovertimecouldfollowfromevolutioninthe
underlyinggalaxymassdistributionwhilethegasdisk
remainsexponential. Asthestarsbecome morecen-
trallyconcentrated,forexample,theCoriolisforceand
tidesstrengthenandself-gravitationisstronglylimited,
thusleadingtosuppressedstarformationinascenario
resemblingthatof‘morphologicalquenching’(Martiget
al.2009).
Comparedtotheseextremes,the‘equilibriumstate’
ofanexponentialgasdiskembeddedinadiskofstars
anddarkmatterwouldappeartobetheidealconfigu-
rationforsustainedstarformation. Thisrepresentsa
compellingexplanationforobservationssuggestingthat
thegalaxiesinwhich mostnewstarsareformed,up
toatleastz∼ 2.5,arerotationally-supporteddisks,
notextreme,unrelaxedstar-burstingmergers(F̈orster
Schreiberetal.2009;vander Weletal.2014).
Tocompletethepictureofhowgalacticdynamicshelp
regulatestarformation,wemustalsocapturetheinter-
playbetweengravityandstarformationfeedbacknot
fullyincludedinthepresentanalyticalmodel. Numer-
icalsimulationsthatmodeltheorganization,structure,
andkinematicsofthegasinstar-forminggalaxiesover
arangeofspatialscalesareclearlyakeycomponentin
thiseffort. Wenotethat,evenwithoutreachingbelow
thecloudscale,simulationscaneasilyincorporatethe
influenceofthehostgalaxyonsub-gridstarformation
bystartingwitharealisticorbitalenergydistribution
andinterpolatingthelocallarge-scalegradientinthe
galaxypotentialdowntothecloudscale.Inthisway
itshouldbepossibletocapturethescalesanddensi-
tieswhereagivenprocesspredominantlyregulateshow
moleculargasformsstarsasagalaxyevolves.
Observationalconstraintsarealsoessentialfortest-
ingthepresentmodelandimprovingsomeoftheas-
sumedinputs. MeasurementsofSFEsatmultipledensi-
tiesmatchedtokinematictracersinenvironmentswith
well-measuredrotationcurvescanshowtheconditions
andenvironmentalpropertieswherethemodelismost
applicableorwhereadditionalfactorsinfluenceonthe
processofstarformation. Matchedtothismostbasic
setofconstraints,ananalysisoftheorganizationand
structureoftheISMtodeterminethetypicalscaleat
whichthegasisarrangedintocloudswouldhelpapply
the modelwithgreateraccuracy. Likewise,improved
constraintsonclouddensitystructureinavarietyof
environmentswillshowwhethercloudstructurevaries
systematicallyorintroducesscatterincloud-scalestar
formationrelations.

6.SUMMARY&CONCLUSIONS

Inthispaperweexploretheimplicationsofanew
modelthatdescribestheimpactofthedynamicsof
galaxiesonthekinematicsandstar-formingabilityof
their moleculargasreservoirs. Webeginbydescrib-
ingthethreedimensionalgravitationalmotionsofgas
oncloudscales,asderivedinthefirstpaperofthis
series. Themodelincorporatesorbitalmotionsinthe
gas—organizedbythegalaxypotentialsetupbythe
backgrounddistributionofstarsanddarkmatter—asa
contributiontothe3Dinternalmotionsofclouds.These
motionsarelargeenoughonthecloudscaletosupport
thegasagainstitsownself-gravity,thuspresentingan
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obstacletocollapseandstarformation.Inthisway,the
modelsynthesizesthetwomainmechanismsproposedto
regulatestarformationinmoleculargas:verticalpres-
sureequilibrium(Ostrikeretal.2010andOstriker&
Shetty2011)andshearandCoriolisforcesinthedisk
planeasparameterizedbyToomreQ≈1(e.g.,Hunter
etal.1998;Koyama&Ostriker2009;Hopkins2012).
Thescale-dependentmotionspredictedbyourmodel,
whichrivalself-gravityonlargescaleswithinclouds,are
continuallyestablishedbythehostgalaxy. Thus,they
representanobstacletostarformationthatactsinad-
ditiontofeedback-driventurbulenceonlargescales.
Withthisgravitationalsupportinmind,inthispaper
weexaminetheconditions(densitiesandspatialscales)
underwhichgasdecouplesfromthegalacticpotential
sothatitcanreachastateinwhichself-gravitycom-
peteswiththefeedbackfromstarformationtodeter-
minetheefficiencyofstarformation. Weshowthat
thegravitationalmotionspredictedinrealisticmodelsof
molecularcloudpopulationsthroughoutgalaxiesimply
thatthegalaxypotentialbecomesnegligiblecompared
togasself-gravityonlyathighdensity(102cm−3)in
thedeepinteriors(<10pc-scales)ofclouds.Inaddition
tofeedback,thislimittotheonsetofself-gravitationand
free-fallcollapsesuggeststhatthedynamicsofthehost
galaxycouldofferanaturalbottlenecktothestarforma-
tionefficiencypossibleinindividualmolecularclouds.
Indeed,inthescenariothatdirectlyrelatesthestar
formationratetotherateatwhichcollapsinggasde-
couplesfromthegalacticpotential,thegalaxytakeson
animportantregulatoryrole:inour model,thecon-
trastbetweenself-gravityandthegalacticpotentialcon-
tributesnotonlytooverallinefficientstarformation,but
introducessystematicvariationsintheonsetandtheef-
ficiencyofstarformationwithenvironment. Wepresent
anexpressionforthestarformationefficiencyregulated
bygalaxydynamicsthatvariesbothwithinandbetween
galaxiesaccordingtothediversityintheirgasdistribu-
tionsanddynamicalproperties.
Our modelspecificallyreproducestherecentlyob-
serveddecreaseintheextragalacticdensegasstarforma-
tionefficiencywithincreasinggassurfacedensitytoward
galaxycenters(Useroetal.2015;Bigieletal.2016;Gal-
lagheretal.2018a;Jiḿenez-Donaireetal.2019). The
modelcanalsodescribethesuppressedstarformation
intheCMZoftheMilky Way(Longmoreetal.2013a),
aspartofacontinuumofincreasedcouplingbetween
moleculargasandthegalaxypotentialtowardgalaxy
centers. However,theincipientSFRinthe‘100pc
stream’oftheCMZispredictedtobehigherthancur-
rentlyobserved,consistentwithmodelspredictingthat
starformationintheCMZisepisodic(e.g.,Krumholz
etal.2017).Theclosematchbetweenthelowstarfor-
mationratepredictedfortheCMZbyourmodelandthe

observationslendssupporttotheideathattheonsetof
starformationisnotsetbytheturbulentpropertiesof
thegasalone,butalsothestabilityandself-gravitation
ofthegasinthecontextofitsdynamicalenvironment
(seealsoKruijssenetal.2014).
Byincorporatingtheinfluenceofthebackground
galacticpotential,thegalacticbottleneckmodelisalso
abletodescribeadecreaseinthestarformationeffi-
ciencyofsomeofthedensestmaterialwithincloudslo-
catedinenvironmentswithhighturbulentmotionsat
andbeyondthecloudscale. Thusthemodeloffersa
promisingavenuetoexplainrecentobservationsthatex-
hibitsimilartrends(Leroyetal.2017;Querejetaetal.
2019),whicharethereverseofmostconventionaltheo-
riesofstarformation.Becausetheconditionsthatlead
tostarformationcanbedirectlyrelatedtotheglobal
propertiesofgalaxies,thepictureofstarformationde-
scribedbyourmodeliseasytointegrateasarealistic
‘sub-grid’starformationprescriptiontoimplementin
simulationsofgalaxyformationandevolution.
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APPENDIX

A. SCALINGFACTORSFORTHESFEINGAS WITHPOWER-LAWDENSITYSTRUCTURE

Forthepower-lawdensitydistributionadoptedforthematerialincloudsbelowscaleRcinthispaper(see§3.1.2),
thecollapsetime(andthefree-falltime)varieswithlocationinacloud.Thustheintegrationthatgivesthetotalstar
formationrateineq.(12)mustbeperformedwithtcollinsidetheintegral(seealsoHennebelle&Chabrier2011).As
shownpreviously(i.e.Tanetal.2006andParmentier2019),instarformationmodelswherethecharacteristictime
isthefree-falltimetff∝ρ

−1/2,thepower-lawρ∝r−kyieldsasimplescalingfactorδdbetweenthetotalSFRand
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Fig.A1.—Behaviorofthefactorδdforthecoredpower-lawdensityprofilesineq.(A3)withindexk=1(black),k=1.5(gray)andk=2
(red)asafunctionoftheratioofthecloudsizeRctothecoreradiusa.Dashedblackandgrayhorizontallinesshowthevalueofδd,PL
forapurepowerlaw(whichisfiniteonlyfork<2).

theSFRestimatedatthecloudedge,i.e.

Ṁstars=
Rc

0 tff
dMc

=
tff,c

(2/3)(3−k)

(2−k)
Mc (A1)

whereMc=(3−k)
−14πR3cρcisthemassingasbelowscaleRc,ρcisthedensityonscaleRcandtff,cisthefree-fall

timeatthatdensity.Forthisscenariowedefineδd,PL=(2/3)(3−k)/(2−k),inthecaseofagenericfree-fallpower-law
(PL)model.(ThefactorδddiffersfromthatgivenbyTanetal.2006,whoassumedthat alsovarieswithdensity.)
Theintegrationwithtffreplacedbytcollyieldsaslightlymodifiedfactor.InthecasethatRcfallswithingaswith
γ γcoll,wefind

δd≈δd,PL 1−6.2
(2−k)

(6−k)
(A2)

usingtheapproximationineq.(11).
Inthispaperweconsiderbothk=1andk=2profiles.Fortheshallowk=1densityprofile,δd,PL∼1.33,butfor
thek=2modeltheSFRestimatedinthiswaybecomesinfinite.Thisisavoidedwhenthecentralsingularityatr=0
isreplacedbyanarguablymorerealisticconstantdensitycore. Wethereforerecalculatethefactorδdadoptingthe
followingdensityprofile,

ρ=
ρ0

1+ r
a

2 k/2
. (A3)

Thisdensitydistributionexhibitspower-lawbehaviorρ∝r−keverywhereexceptonthesmallestscales,atthehighest
densities,wheretheprofileflattensoutinsidearadiusa.
FigureA1plotsthescalingfactorδdresultingfromthisdensityprofileasafunctionofR/a.Forsimplicity,inthis
calculationtffratherthantcollhasbeenadopted.
Fork=1andk=1.5,δdroughlyasymptotestotheapproximationcalculatedfromtheun-coredpower-lawmodel
δd,PLabove. Thuswewilladoptδd,PLasagoodapproximationfork<2throughouttherestofthepaper. For
k=2,δdisnowfinite,butitspansarangeofvalues2.5δd 5for10<Rc/a<500. Assumingcoreradii0.1<a<1
pc8,weexpectδd=3.5±0.5fortypicalcloudswithsizes10<Rc<80pc. Weadoptthisvalueforthek=2distribution
throughouttherestofthepaper.

B. THESCALESASSOCIATED WITHTHEONSETOFCOLLAPSE

BelowweassemblepredictionsforthespatialscaleRcollonwhichcollapseisexpectedtooccurthroughoutrealistic
cloudpopulations.TheseprovideeitheradirectestimateofMcoll/Mcinacloudwithaninternaldensitydistribution

8Thisisclosertotheclumpscalethanthe0.01-0.1pcsizesofthedensecoresenclosedwithinaclump.Giventhattherearethemany
suchindividuallystar-formingcoresinaclump,wechoosethesizeofthedensitycoreatoencompassthedensecore-dominatedregion.
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ρ∝R−k(seeEq.(20)orcanbecombinedwithobservationallymotivatedmodelsofcloudsurfacedensitiestogenerate
realisticprescriptionsofthevolumedensityρcollsuchasinvokedin§3.3.

B.1. Variationsinthecollapsescalethroughoutgalaxies

FromtheratioofenergiesinEq.(8),itfollowsgenerallythat

Rcoll=
31/2σsg

γcoll(κ2+2Ω2+ν2)1/2
, (B1)

wherethesmallvariationofκandνacrossthecloudisignored9andσsgmeasuresthestrengthofgasself-gravityat
collapse.
Asinthemaintext,herethegalacticmotionswithinthecloudinteriorareassumedtobenon-isotropic. This
choiceismotivatedbythepropertiesoftypicalstellardisks,whichdefineapotentialthatvariesmorerapidlyover
theextentoftypicalcloudsintheverticaldirectionthanintheplane. Ourpreliminaryinspectionofcloud-scale
moleculargaskinematicsingalaxieswitharangeofinclinations(PaperI)suggestthatnon-isotropyonthecloud
scaleisconsistentwiththeobservations.
Withthisassumption,thecloudsizeestimatedinEq.(B1)issmallerthantheToomrelength λT=2π

2GΣ/κ2,
sincegenerallyν κ(seePaperI). WecanseethismoreeasilybywritingRcollintermsofthegassurfacedensity
atwhichcollapsebegins,i.e.,

Rcoll=
2π(ak/5)GΣcoll

γ2coll(κ
2+2Ω2+ν2)/3

>λT (B2)

Withthisformulation, Rcoll(andthusρcoll)canbereconstructedfromobservableswithknowledgeofthehost
galaxyrotationcurveshape(whichyieldsanestimateofκandνatallgalactocentricradii)aslongasthesurface
densityΣcollmeasuredonscaleRcollisalsoknown.
Thecollapsescalecanbealternativelyestimatedgivenanarbitrarydensityonanarbitraryscalewithanadditional
assumptionforthedistributionofdensitiesbelowscaleRc.ThisisconvenientforestimatingRcollin(extragalactic)
cloudsforwhichonlyglobalpropertiesaremeasurable(i.e.totalsize,massandsurfacedensity).
Fordensityprofilesρ∝r−2,forexample,Σcoll=Rc/RcollΣc.Thecollapsescalecanthusbepredictedgiveneither
thesurfacedensityΣcorvolumedensityρconscaleRcaccordingto

Rcoll=
2πak/5GΣcR

k−1
c

γ2coll(κ
2+2Ω2+ν2)/3

1/k

=Rc
4πak/5Gρc

γ2coll(κ
2+2Ω2+ν2)/3

1/k

(B3)

TheleftpanelofFigureB1presentsthecollapsescalepredictedbyoursemi-empiricalgalaxymodelsinthemass
range9.25<logM/M <10.75,assumingtwodifferentdensityprofilesbelowafixedscaleRc=30pcandadopting
ourdescriptionforcloud-scalesurfacedensities(i.e.,Σc,30pc(Rgal)=cΣH2(Rgal)withc=2;see§3.1).(Notethat

doublingtheclumpingfactorcincreasesthepredictedRcollbyafactor
√
2≈1.4.)Thisapproximatesthebehavior

expectedatfixedspatialscale,suchasprobedbyobservationsofthemoleculargasdistributionatfixedbeamsize
whenthebeamsizeprobesnearthecloudscale.
Therightpanelofthefigureshowspredictionsadoptingafixedcloud mass,ratherthanafixedscale,using
thesamecloud-scalesurfacedensitymodelΣcassumedintheleftpanel. ThisismeanttoillustratehowRcoll
mightvarythroughoutacloudpopulation,wherethecloudsizevarieswithlocationinthegalaxy,accordingto

Rc= Mc/πΣ
−1
c (Rgal).

BothpanelsillustratethegenericbehaviorinRcollthroughouttypicalgalaxydisks,inwhichthebackgroundgalaxy
potentialtypicallyweakenswithincreasingRgalfasterthanthegasself-gravity(asinourchosenempiricalmodel;
see§3.1).ThisleadstoacharacteristicincreaseinRcollfromsmalltolargegalactocentricradius.(Notethat,inthe
rightpanel,thecloudscaleitselfdropsoffwithRgal.)
Theaxisymmetricdiskmodelsassumedhereundoubtedlyoversimplifythetruemassdistributionsofrealgalaxies,
sowecautionthatthegenerictrendsshowninFigure5maydifferindetailfromwhatwouldbepredictedforagiven
observedrotationcurve.In§4.2.1forinstance,weusethevariationofκinthecenteroftheMWtomoreprecisely
predictthecollapsingscaleintheCMZ.

B.2. Relationtothecloudscale

FromthecollapsescalepredictedinFigureB1weinferthat,intypicalgasdisks,onlyafraction(10−30%)ofthe
massincloudsisexpectedtocollapse.ThisisquantifiedmoredirectlybythemassfractionsMcoll/McinFigure5
inthe maintext,accordingtotherelationbetweenMcoll/McandRcoll/RcinEq.(19)fortheinternaldensity
distributionρ∝r−k(see§3.3).

9Withtheapproximation κ≈
√
2Ω,suchasintheflatpartoftherotationcurve,thevariationinκoveronecloudradiuscanbe

written∆κ≈
√
2ΩRc/RgalandsoweexpectfractionalvariationinκbyanamountRc/Rgal.
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Fig. B1.—RadialvariationinthecollapsescaleRcollwithincloudshostedbygalaxieswithdifferentstellar massesintherange
9.25<logM/M <10.75(increasingfrombluetoredinstepsof0.5logM/M ;followingfromstellarandgasdistributionssuggested
byglobalgalaxyscalingrelationsasdescribedin§3.1.1). Curvesarechosentospanthebrightestportionoftypical moleculardisks
0.01<Rgal/Re<2.5(Schrubaetal.2011;wheregalactocentricradiusRgalisgivenintermsofthediskscalelengthRe).Eachassumes
a mass-dependentempiricalcloud-scalesurfacedensityΣc=cΣH2 wherec=2(seetext). Twosetsoflinesareshown,highlighting
thechoiceofdensitydistributionbelowachosenscaleRc,k=2(solid)ork=1(dashed). Predictionsintheleftpaneladoptafixed
Rc=30pc.Predictionsintherightpanelareshownatfixedcloudmass,Mc=105.5M .

Itisworthnotingthattheformalismintroducedherealsopresentsadescriptionforthesizesofcloudsthemselves,
basedontheviewthatcloudsarebydefinitionself-gravitating(andcollapsing)objects,i.e.,preciselyobjectswith
sizesRcoll.Insuchacloud-baseddescriptionoftheorganizationofthemoleculargas,theentiretyofcloudswould
undergocollapse.Ourexpressionsforthestarformationefficiencyintermsofthecollapsingfractionaspresentedin
§2.5.3wouldthenneedtobere-expressedasadependenceoftheSFEinagivenapertureonthefractionofthegas
inanapertureintheformofclouds.
Wefindthemoregenericformulationofcollapsefractionintermsofthedensitywithinagivenvolumeofgas
preferable,however,giventhatitislesssensitivetothedefinitionofcloudsize,whichcanbeadifficultproperty
toassessobservationally,dependingontheprecisedefinitionassumedandthestrategyusedtoidentifyclouds(see
discussionbyHughesetal.2013).10

C. SCALE-DEPENDENCEOFTHEINVERSERELATIONBETWEENSFEANDGASVELOCITY
DISPERSION

Inthissection,wecasttheexpressionsinsection§4.2.2intoamoreexplicitrelationbetweenSFEdenseandgas
velocitydispersionmeasuredonrelativelylargescalesacrosssomeaperture(orbeam),samplingatorabovethe
cloud(∼60pc)scale.

C.0.1. Largeaperture(>60pc)trends

Withourassumedmodelofthewaygasistypicallystructuredandorganized,wecanusevelocitydispersions
measuredonrelativelylarge-scalestoapproximatethemagnitudeofgalacticmotionsonthecloudscaleandbelow.
Likewise,aperturemeasuresofthegassurfacedensityoncloudscalesandbeyondroughlyconstrainthesurface
densityofthedense,potentiallystar-forminggassituatedonscalesnearRcoll.
Weconsiderascenarioinwhichthegasinanaperturewithradius Rapisstructuredintonon-cloudandcloud
components,designatedbymassintermsofthecloudmassfractionfc,andassumethatthecloudcomponent
fcΣapπR

2
apisarrangedintoanumberofcloudsNcl=R

2
ap/R

2
cwithsimilarsizesRcandsurfacedensities.Inthis

caseΣapRap≈f
−1
c ΣcRcN

1/2
cl whereΣcistheaveragesurfacedensityofcloudsintheaperture.(Notethat,withthis

formulation,theclumpingfactorweuseinthemaintexttomodelthecloudsurfacedensityfromanassumeddisk

surfacedensityprofileactsasthefactorfcN
−1/2
cl .)

10Incrowdedareas,cloudedgesassignedinrelationtothesurrounding material(accordingtosomeprescribedintensitycontrast),
i.e.usingdendrograms,wouldtendtoyieldsmallersizesthanthosemeasuredbyextrapolatingcloudpropertiestoinfinitesensitivity,as
performedbythecommonlyemployedmodeoftechniqueslikeCPROPS(Rosolowsky&Leroy2006). Yetothertechniquesmaydefine
thecloudedgeasspecificallythelocationwherethecloudbecomesbound,which mayor maynotagreewithotherdefinitionsofthe
cloudedgeforthesameobjects. Homogeneoustreatmentofcomprehensivemoleculargassurveysthatprobetotherelevantcloudscale
throughoutgalaxieswithavarietyofmorphologicalandkinematicproperties(i.e.,A.K.Leroyetal.,inprep.) willshednewlighton
thedistributionsofcloudpropertiesandhowtheyemergefromthelocal(environmental)conditions. Thepossibilityofradialvariation
incloudsizes,forone,isideallytestedalongsidepotentialchangesincloudmassspectraasprobesofthemechanismsthatcanleadto
cloudgrowthanddestruction(E.Rosolowskyetal.,inprep).
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Withthisassumedgasstructure,wecanalsousetheobservedmotionsontheaperturescale σaptoapproximate
themotionsonthescaleofthegasthatisbeginningtocollapse.Sinceweareinterestedinexaminingtheinfluence
ofthegalacticbottleneck,weconsiderthecaseinwhichthekinematicsofmoleculargasonornearcloudscalesare
dominatedbythecombinationofgalacticmotionsandmotionsassociatedwithself-gravity,eitherduetocollapseor
originatingwithfeedbackthatkeepsthecloudinequilibrium.(Notethatforthisexerciseweneglectthepossibility
ofsuper-virialfeedback-drivenmotionsortheinfluenceofmagneticforces.)Inthiscasewewrite

σ2ap≈σ
2
gal(1+γ

2), (C1)

usingγdefinedin§2.3.Forthegasinthemoleculardisksoftypicalnearbymainsequencegalaxies,γ 1oncloud
scalesandlarger(seePaperI)sothatσ2ap≈σ

2
gal.UsingtheapproximaterelationbetweenνandκgiveninPaperI

andtheexpressionfortheline-of-sightprojectionof3Dgalacticmotionstherewefind

σ2gal,los≈κ
2R2ap 1+

Rgal
2z0
cos2i, (C2)

inthemaindiskenvironmentwhererotationcurvesareapproximatelyflat(sothatκ2=2Ω2).Hereiistheinclination
ofthegalaxywithrespecttothelineofsight.
Fromhereweestimatethevelocitydispersionrecoveredintheapertureas

σap≈κ1+
Rgal
2z0

cos2i
1/2

Rc(Rap/Rc). (C3)

IntermsofthegalacticmotionsonscaleRc

σgal≈κRc 2+
Rgal
2z0

1/2

, (C4)

wewrite

σap≈σgal
1+

Rgal
2z0
cos2i

1/2

2+
Rgal
2z0

1/2
N
1/2
cl , (C5)

Thisreducestoσap≈(σgalcosi)N
1/2
cl atlargegalactocentricradiusandapproachesσap≈(σgal/

√
2)N

1/2
cl toward

galaxycenters.
Altogether,wecanwritethedensegasSFEonscaleslargerthanthetypicalcloudsizeas

SFEdense=f
−1
d

δdSFEcoll

2.4γ
2(3−k)/k
coll

2πak/5GΣapRap
σap

2(3−k)/k

×




f

1/2
c N

1/2
cl

1+
Rgal
2z0

cos2i
1/2

2+
Rgal
2z0

1/2






2(3−k)/k

(C6)

C.0.2. Smallaperture( 60pc)trends

Whentheaperturesamplesatornearthetypicalcloudsize,thedenominatoroftheterminthefirstsetof
parenthesesinEq.(C6)shouldaccountfortheincreasedcontributionfromgasself-gravity.Forexample,inthecase
ofk=2,oncloudscaleswewrite

SFEdense=
δdSFEcoll
2.4γcoll

2πak/5GΣapRap

σ2ap−σ
2
sg
1/2

×f1/2c f
−1
d

1+
Rgal
2z0

cos2i
1/2

2+
Rgal
2z0

1/2
, (C7)

usingalsothatNcl≈1inthiscase.
Notethatthefactorfdisnecessarytousethegassurfacedensityandtheline-of-sightvelocitydispersioninan
aperturetoapproximatethedensityandmotionsonsmallerscales. However,whenthedensegascanbeobserved
directlyandthemeasurementapertureapproachesthesizeoftheregionwithincloudstypicallyoccupiedbythe
densegas,σapdirectlyprobesthemotionsofthehighdensitymaterialandtheexpressionforSFEdensesimplifies
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further.Thusfd=1(andNcl=1)sothat,whenk=2,

SFEdense=
δdSFEcoll
2.4γcoll

2πak/5GΣapRap

σ2ap−σ
2
sg
1/2

(C8)

againremovinganestimationofthecontributionfrommotionsduetoself-gravityonthemeasurementscale(estimated
fromtheobservedgassurfacedensity)fromtheline-of-sightvelocitydispersion.

C.0.3. VariationsinSFEwithvirialparameterαvir

TheaboverelationsforSFEdenseexpressedintermsofgasvelocitydispersionmakeitclearthattheSFEat
anydensitypredictedbyourmodeldependsontheboundednessofthegasasmeasuredbythevirialparameter
αvir=5σ

2R/(GM)(Bertoldi&McKee1992).Thedependenceisinthesamesenseassuggestedbythefirstcloud-
scalestudyundertakeninM51,wherehigherαvir(lowergasboundednessb=Σ/σ

2∝α−1vir)islinkedtolowerrates
ofstarformationperunitmass(Leroyetal.2017).
StartingwithEq.(C6),wewritethemoleculargasSFEmeasuredinanaperturewithradiusRapsizedatornear
thecloudscaleas

SFE=
δdSFEcoll

2.4γ
2(3−k)/k
coll

1

αvira
−1
k −1

(3−k)/k

×f(3−k)/kc 1+
Rgal
2z0

cos2i
(3−k)/k

. (C9)

Hereαvir=5σ
2
ap/(πGΣapRap)inthenotationusedintheprevioussectionandthelasttermontherightcorrects

cloud-scalenon-isotropicmotionsdowntotheisotropicmotionspredictedonsmallerscaleswherestarformation
occurs.
Equation(C9)suggeststhattheSFEwilldecreaseasroughlyα

−1/2
vir whenk=2untiltheminimumvalueofαvir

isapproached,whichweexpecttobenearαvir,min =1whenσappredominantlyreflectsmotionsduetoself-gravity
andthebackgroundgalacticpotential,asinthecurrentmodel.
Intermsofboundednessb=Σap/σ

2
ap(inthenotationusedabove),

SFE=
δdSFEcoll

2.4γ
2(3−k)/k
coll

b(2πak/5GRap)

1−b(2πak/5GRap)

(3−k)/k

×f(3−k)/kc 1+
Rgal
2z0

cos2i
(3−k)/k

. (C10)

andSFEincreasesasroughlyb1/2untilamaximumbmax=(2πak/5GRap)
−1isreached.

D. GLOSSARY

REFERENCES

Abreu-Vicente,J., Kainulainen,J.,Stutz, A., Henning, Th.,
Beuther,H.,2015A&A,581A,74

Aguirre,J.E.,Ginsburg,A.G.,Dunham,M.K.,etal.2011,ApJS,
192,4

Alves,J.,Lombardi, M.,Lada,C.J.2007,A&A,462,L17
Andre,P.,etal.2010,A&A,518,L102
Ballesteros-Paredes,J.,Hartmann,L.,Vazquez-Semadeni,E.et
al.2011, MNRAS411,65

Ballesteros-Paredes,J.,Vzquez-Semadeni,E.,Gazol,A.etal.2011,
MNRAS,416,1436

BarnesA.T.,LongmoreS.N.,BattersbyC.,BallyJ.,Kruijssen
J. M.D.,HenshawJ.D., WalkerD.L.,2017, MNRAS,469,
2263

Bertin,G.,&Romeo,A.B.1988,A&A,195,105
Bertoldi,F.& McKee,C.F.1992,ApJ,395,140
Bigiel,F.,Leroy,A., Walter,F.,etal.2008,AJ,136,2846
Bigiel,F.,Leroy,A.,Jimenez-Donaire,M.J.etal.2016,ApJ,822,
26

Binney,J.,&Tremaine,S.1987,GalacticDynamics(Princeton:
PrincetonUniv.Press)

Bolatto,A.D.,Leroy,A.,Rosolowsky,E.etal.2008,ApJ,686,
948

Bolatto,A.D., Wolfire, M.,Leroy,A.K.2013,ARA&A,51,207
Burkert,A.,Hartmann,L.,2013,ApJ,773,48
Burkhart,B.& Mocz,P.2018,arXiv:1805.11104

Burkhart,B.2018,ApJ,863,118
Chevance, M.,etal.2019, MNRAS,submitted;arXiv:1911.03479
Clark,P.&Glover,S.2014, MNRAS,444,2396
Colombo,D.,SchinnererE.,Hughes,A.etal.2014,ApJ,784,3
Colombo,D.,Kalinova,V.,Utomo,D.etal.2018, MNRAS,475,
1791

Daddi,E.,Bournaud,F., Walter,F.etal.2010,ApJ,713,686
Dale,J.E.,Ercolano,B.&Bonnell,I.A.2013, MNRAS439,234
Davis,T.A.,Young,L. M.,Crocker,A.F.etal.2014, MNRAS,
444,3427

deBlok, W.J.G., Walter,F.,Brinks,E.etal.2008,AJ,136,2648
Dobbs,C.L.,Burkert,A.,Pringle,J.E.2011,MNRAS,413,2935
Dobbs,C.L.&Pringle,J.E.2013, MNRAS,432,653
Downes,D.&Solomon,P. M.,1998,ApJ,507,615
Dib,S.,Burkert,A.2005,ApJ,630,238
Elmegreen,B.G.2002,ApJ,577,206
Elmegreen,B.2018,ApJ,854,16
Elmegreen,B.&ScaloJ.2004,ARA&A,42,211
Elmegreen,B.2011,ApJ,737,10
Elmegreen,B.,Struck,2013,ApJ,775,L35
Enoch, M.L.,Evans,N.J.,Sargent,A.I.,Glenn,J.,Rosolowsky,
E.,& Myers,P.2008,ApJ,684,1240

Evans,N.J.,II,Dunham, M. M.,Jorgensen,J.K.etal.2009,
ApJS,181,321

http://arxiv.org/abs/1805.11104
http://arxiv.org/abs/1911.03479


30

TABLED1
Definitionsofsymbolsusedinthecontextofthegalacticbottleneckmodel

Symbol Description
κ frequencyofin-planeepicyclicmotionsinthegalacticpotential
ν frequencyofverticalepicyclicmotionsinthegalacticpotential
Rgal galactocentricradius
Vc galaxycircularvelocity
Ω galaxyangularvelocityVc/Rgal
β logarithmicderivativeofthecircularvelocity∂(lnVrot)/∂(lnRgal)
Rc arbitraryscalewithintheinteriorofacloud
Σc gassurfacedensityatscaleRcwithinasphericallysymmetriccloud
ρc gasvolumedensityatscaleRcwithinthecloud
Mc themassingasaboveρcwithinthecloud
ρd thevolumedensityofgasaboveacharacteristic‘dense’threshold
Σd surfacedensityofdensegasaboveavolumedensityρd
Md themassingasaboveρdwithinacloud
fd densegas(mass)fractionMd/Mc
k indexofthesphericallysymmetricpower-lawdensityprofileρ∝R−k

σsg velocitydispersionassociatedwithgasself-gravity,originatingeitherwithcollapseorasa
resultoffeedback-driventurbulenceinequilibriumwithself-gravity

γ the(densityand/orscale-dependent)ratioofgravitationalenergiesinmolecularclouds
γcoll thevalueofγspecificallyattheonsetofcollapse
ρcoll gasvolumedensityatwhichgravitationalenergiesareoutofbalancebythefactorγcoll
κsun frequencyofin-planeepicyclicmotionsintheSolarNeighborhood
αvir thevirialparameterofthegas,i.e.theratioofcloudkineticenergytothecloudpotential
fα theratiooftheenergyinfeedbackdriventurbulentmotionstothecloudpotential
ΣH2 large-scalemolecularsurfacedensity
c clumpingfactorΣc/ΣH2betweenΣH2andcloud-scalesurfacedensityΣc
fc thecloudmassfraction
Rap thearbitrarysizeofanobservationalaperture
Ncl numberofcloudsinanaperture
σap velocitydispersionmeasuredinanaperturesamplingaboveornearcloudscales
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