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OutlineOutline

1.1. Resolved molecular cloud properties in nearby Resolved molecular cloud properties in nearby 

primitive systems: the extragalactic Larson Lawsprimitive systems: the extragalactic Larson Laws

2.2. The Schmidt Law in the Small Magellanic CloudThe Schmidt Law in the Small Magellanic Cloud

How well do we How well do we 

understand the link understand the link 

between gas and star between gas and star 

formation?formation?

HHII →→ HH22 →→ starsstars

The The KennicuttKennicutt--Schmidt Schmidt 

law predicts 10 to 30 law predicts 10 to 30 

times more SF than times more SF than 

observed in observed in DLAsDLAs Wolfe & Chen (2006)Wolfe & Chen (2006)



The elusive moleculesThe elusive molecules

�� Molecular gas Molecular gas 
surveys show that surveys show that 
HHII--rich dwarfs are rich dwarfs are 
faint in COfaint in CO

�� Despite active star Despite active star 
formation, no formation, no 
galaxies with galaxies with 
Z<1/5 ZZ<1/5 Z

�� are are 
detected in COdetected in CO

TacconiTacconi & Young (1986)& Young (1986)

Taylor et al. (1998)Taylor et al. (1998)

MowlaviMowlavi et al. et al. 

(1998)(1998)

H2

CO
Z

Maloney & Black (1988); Maloney & Black (1988); 

Bolatto et al. (1999); Bolatto et al. (1999); RRöölligllig

et al. (2006)et al. (2006)

�� This is understood This is understood 
as enhanced as enhanced 
photophoto--dissociation dissociation 
of CO, due to of CO, due to 
diminishing dust diminishing dust 
UV shieldingUV shielding



GMCs on HI in IC 10

�� We can resolve individual We can resolve individual 

GMCsGMCs only in nearby dwarf only in nearby dwarf 

galaxiesgalaxies

�� R~10 R~10 –– 50 pc50 pc

�� GMCsGMCs are frequently found are frequently found 

along HI filamentsalong HI filaments

�� Limited by S/N and Limited by S/N and 

resolutionresolution

�� Consistent extragalactic Consistent extragalactic 

GMC propertiesGMC properties requirerequire

correcting for correcting for 

observational biasesobservational biases

�� PoorlyPoorly done in the done in the 

literature literature (see (see RosolowskyRosolowsky & & 

Leroy 2006)Leroy 2006)

GMCsGMCs in dwarf galaxiesin dwarf galaxies

Leroy, Bolatto, Walter, & Blitz Leroy, Bolatto, Walter, & Blitz 

(2006)(2006)



The sizeThe size--linewidthlinewidth relationrelation

�� Maintained by frequent Maintained by frequent 

turbulent energy turbulent energy 

injection on large scales injection on large scales 

(MRI, (MRI, SNeSNe, , gravogravo--

thermal instability)thermal instability)

�� σσ==0.72 R0.72 R0.50.5

Milky Way sample by Solomon et al. 1987Milky Way sample by Solomon et al. 1987



The sizeThe size--linewidthlinewidth relationrelation

�� Maintained by frequent Maintained by frequent 

turbulent energy turbulent energy 

injection on large scales injection on large scales 

(MRI, (MRI, SNeSNe, , gravogravo--

thermal instability)thermal instability)

�� σσ==0.72 R0.72 R0.50.5

�� If If virialvirial equilibrium is equilibrium is 

assumed M~Rassumed M~Rσσ22,      ,      

∑∑H2H2 ~ 170 M~ 170 Moo/pc/pc22 for all for all 

galaxies!galaxies!

�� Three galaxies seem not Three galaxies seem not 

quite consistent:quite consistent:

�� NGC 1569, problematic NGC 1569, problematic 

datadata

�� SMC and IC10, 50SMC and IC10, 50--

100% under the 100% under the 

standard relationstandard relation

�� Density? Magnetic field? Density? Magnetic field? 

Not in equilibrium?Not in equilibrium?
Milky Way sample by Solomon et al. 1987Milky Way sample by Solomon et al. 1987



PhotoionizationPhotoionization--regulated star formation ?regulated star formation ?

�� Star forming clouds Star forming clouds 

need similar need similar 

extinctions at their extinctions at their 

centers to decouple centers to decouple 

from magnetic from magnetic 

support and collapse support and collapse 
(McKee 1989)(McKee 1989)

�� Theory predictsTheory predicts

σσ=0.72 (Av/7.5 =0.72 (Av/7.5 ddgrgr))
--0.50.5 RR--0.50.5

�� Measurements show Measurements show 

no evidence for that no evidence for that 

trendtrend



Star formation and molecular gasStar formation and molecular gas

�� Very nearby, “SMCVery nearby, “SMC--
like”, dwarfs show like”, dwarfs show 
much less Hmuch less H22 per per 
stellar mass than stellar mass than 
massive systemsmassive systems

�� These dwarfs are not These dwarfs are not 
just scaled down just scaled down 
versions of larger versions of larger 
galaxies:galaxies:

1.1. The MThe Mmolmol –– MM** relation relation 
is changing is changing 

2.2. MMmolmol accounting accounting 
problem: need larger problem: need larger 
XcoXco

NNHH22 = = XcoXco IcoIco

100 XGal

I Zw 18

Leroy, Bolatto, Simon, & Blitz Leroy, Bolatto, Simon, & Blitz 

(2005); Leroy, Walter, Bolatto, (2005); Leroy, Walter, Bolatto, 

et al. (2007)et al. (2007)



Star formation and molecular gas contentStar formation and molecular gas content

�� ““Massive” dwarfs look Massive” dwarfs look 

like larger galaxies like larger galaxies 

with Galactic with Galactic XcoXco

�� “SMC“SMC--like” dwarfs are like” dwarfs are 

again clearly outside again clearly outside 

the correlationthe correlation

“Schmidt Law” 

ΣSFR ∝ ΣH2
1.3



Unchanging Unchanging XcoXco??

�� The luminosityThe luminosity--virialvirial mass mass 

relation is entirely compatible relation is entirely compatible 

with that of the Galaxy with that of the Galaxy 
(Solomon et al. 1987)(Solomon et al. 1987)

�� No marked trend with galaxy No marked trend with galaxy 

metallicity in the ratio of metallicity in the ratio of 

virialvirial to luminous massto luminous mass

�� Does this mean that star Does this mean that star 

formation is much more formation is much more 

efficient for “SMCefficient for “SMC--like” like” 

dwarfs?dwarfs?



The “classical dust” continuum from MIPSThe “classical dust” continuum from MIPS

24 um   = Blue

70 um   = Green

160 um = Red



Obtaining an HObtaining an H22 map from the FIRmap from the FIR

�� Used 100 and 160 um Used 100 and 160 um 
to avoid influence of to avoid influence of 
stochastic heatingstochastic heating

�� More than one More than one 
temperature temperature 
component. Used Dale component. Used Dale 
& & HelouHelou (2000) models(2000) models

�� DGR determined locallyDGR determined locally

�� DGRDGRAVEAVE~1:900, ~1:900, 
DGRDGRBARBAR~1:800, ~1:800, 
DGRDGRWINGWING~1:1200~1:1200

�� MMH2H2~3x10~3x1077 MMsunsun total total 
molecular mass, molecular mass, 
compared to Mcompared to MHIHI~2x10~2x1088

MMsun sun 

Remarkably similar to the 
MW and other large spirals

Leroy, Bolatto, et al. (2007)Leroy, Bolatto, et al. (2007)

τd;N(HI)+2N(H2)



CO and HCO and H22 profilesprofiles

�� HH22 is 30% more is 30% more 

extended than COextended than CO

�� Surface densities are Surface densities are 

similar to MWsimilar to MW

�� Considerably lower Considerably lower 

than predictions from than predictions from 

photoionizationphotoionization--

regulated star regulated star 

formation theoryformation theory::

�� Expect 500Expect 500--3000 3000 

MMsunsun/pc/pc22 (A(Avv~4~4--8)8)

�� Find 180 MFind 180 Msunsun/pc/pc22

(A(Avv~1~1--2)2)

�� Systematically Systematically 

smaller/clumpier clouds smaller/clumpier clouds 

could rescue the theorycould rescue the theory

Leroy, Bolatto, et al. (2007)Leroy, Bolatto, et al. (2007)



Back again to the Molecular Schmidt LawBack again to the Molecular Schmidt Law

�� Conundrum: “SMCConundrum: “SMC--

like” dwarfs have like” dwarfs have 

anomalously high anomalously high 

SFR for their CO SFR for their CO 

contentcontent

�� VirialVirial CO properties CO properties 

are very similarare very similar

�� DustDust results point to results point to 

a x50 increase to a x50 increase to XcoXco

in the SMCin the SMC

�� Extra HExtra H22 is in cloud is in cloud 

envelopesenvelopes

Despite differences in 
metallicity and 

rotational properties, 
there is no evidence for 

a change in the 
“Molecular Schmidt 

Law” for small galaxies

Despite differences in Despite differences in 

metallicity and metallicity and 

rotational properties, rotational properties, 

there is no evidence for there is no evidence for 

a change in the a change in the 

“Molecular Schmidt “Molecular Schmidt 

Law” for small galaxiesLaw” for small galaxies



ConclusionsConclusions

�� Larson Laws in small, low metallicity dwarf galaxies Larson Laws in small, low metallicity dwarf galaxies 

are are veryvery similar to the Milky Waysimilar to the Milky Way

�� Is this the foundation for an invariant IMF?Is this the foundation for an invariant IMF?

�� Dust continuum studies suggest that the CO cores in Dust continuum studies suggest that the CO cores in 

these primitive galaxies are surrounded by large Hthese primitive galaxies are surrounded by large H22

envelopes, and there is envelopes, and there is a wealth of molecular gas not a wealth of molecular gas not 

traced by COtraced by CO

�� Once this is taken into account, these galaxies will Once this is taken into account, these galaxies will 

likely fall on the likely fall on the molecular Schmidt Lawmolecular Schmidt Law

�� Many problems for Many problems for photoionizationphotoionization--regulated star regulated star 

formation theoryformation theory

�� No increase in velocity dispersion for decreasing metallicityNo increase in velocity dispersion for decreasing metallicity

�� No increase in No increase in ∑ for decreasing metallicity∑ for decreasing metallicity

�� How can gas invisible in CO partake in star formation?How can gas invisible in CO partake in star formation?



The SMC at 
24 um

N 76

SNR 1E 0102.2-7219

The dust originsThe dust origins



SNR and dust productionSNR and dust production

�� OO--rich, type Ib/c, rich, type Ib/c, 

age~1000age~1000--2000 yr2000 yr

�� Progenitor: M>20 MProgenitor: M>20 Msunsun, , 

rich in O, Ne, and Mgrich in O, Ne, and Mg

�� For dust mixed in SNR expect T~130 K For dust mixed in SNR expect T~130 K (Dwek 1987)(Dwek 1987)

�� Our data is consistent with TOur data is consistent with Tdustdust~120 K~120 K

�� Models predict  0.08 to 0.3 MModels predict  0.08 to 0.3 Msunsun of dust of dust 
produced per SNproduced per SN (Dwek & Scalo 1980; Todini & Ferrara (Dwek & Scalo 1980; Todini & Ferrara 

2001; Morgan & Edmunds 2003)2001; Morgan & Edmunds 2003)

�� We measure MWe measure Mdust dust ~ 3 to 8~ 3 to 8331010--44 MMsunsun

�� Consistent with other SNR results (e.g., Consistent with other SNR results (e.g., CasCas A; A; Hines et Hines et 

al. 2004al. 2004; ; Krause et al. 2004Krause et al. 2004))

�� Given SN rate, SN account for 0.1% of dust in SMC Given SN rate, SN account for 0.1% of dust in SMC 
(but see (but see SugermanSugerman et al. 2006)et al. 2006)

Stanimirovic, Bolatto, et al. Stanimirovic, Bolatto, et al. 

(2005)(2005)



Thanks!Thanks!

Thanks to Thanks to EdvigeEdvige, Simone,  , Simone,  

RaffaellaRaffaella, and the rest of , and the rest of 

the organizers for a the organizers for a 

wonderful experiencewonderful experience

A A tuttitutti grazie!grazie!



CaveatsCaveats

�� Linearity of the Linearity of the 

MIPS 160 um MIPS 160 um 

detectorsdetectors

�� Checked against Checked against 

DIRBEDIRBE

�� Systematic Systematic 

differences in dust differences in dust 

properties or DGR properties or DGR 

between between 

“molecular” and “molecular” and 

“reference” regions“reference” regions

�� Large spatial scalesLarge spatial scales

�� Works for the MW Works for the MW 
(Dame et al. 2001)(Dame et al. 2001)

�� Missing cold dustMissing cold dust


