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What regulates star formation?

dark matter~§ structure evolution

dark,baryonic matter-$ molecular gas
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Molecular Gas & Star Formation Closely Related

Results from 40 nearby galaxies, resolution: | kpc.
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—3 Stars form in molecular gas...
...with roughly constant efficiency (a.k.a 'SF law").
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Molecular gas and star formation in spiral galaxies

#li:

3D distribution of molecular gas differs from atomic gas one

H2:
Giant Molecular Cloud properties are set by environment

#3:

Conversion of molecular gas into stars is complex process
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Molecular & atomic gas are distributed differently

molecular gas is more clumped than atomic gas ...
... small scale distributions can vary significantly

Leroy et al. (2013)
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molecular gas is more clumped than atomic gas ...

Molecular & atomic gas are distributed differently

... small scale distributions can vary significantly
Leroy et al. (2013)

molecular and atomic gas kinematics are not the same ...
... molecular and atomic phase probe different gas distributions
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Extra-planar molecular gas in M5

Pety et al. (2013)

interferometer = spatial filter:
PdBI+30m : all scales
PdBl-only : small scales
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Extra-planar molecular gas
in M51:

evidence for extended extra-planar (~250pc scale height) molecular gas
Pety et al. (2013)

in 12 nearby galaxies:

similar CO(2-1) and HI line widths suggest presence of extra-planar gas
Caldu Primo et al. (2013)
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Extra-planar molecular gas 43

. M 5 I PdBI Arcsecond Whirlpool Survey
.
N .

evidence for extended extra-planar (~250pc scale height) molecular gas
Pety et al. (2013)

in 12 nearby galaxies:

similar CO(2- I) and HI line widths suggest presence of extra-planar gas

O;\\ , v Caldu Primo et al. (2013)

in models: dense gas expelled from disk by stellar feed-back

(Dobbs, Burkert, Pringle 2011)



Molecular gas and star formation in spiral galaxies

#l:

3D distribution of molecular gas differs from atomic gas one

H2:
Giant Molecular Cloud properties are set by environment

#3:

Conversion of molecular gas into stars is complex process



Cloud properties are universal

Consistent study of |2 nearby galaxies
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Molecular Gas Studies in Nearby Galaxies
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log (velocity dispersion)

Cloud properties are not universal
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Cloud properties are not universal
Hughes et al. (2013b)
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Consistent conversion factor in M5 | ‘

Groves et al. (in prep.)

Large Velocity
dust-to-gas ratio clouds’ virial mass Gradient (LVG)
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Groves et al. (in prep.)
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Consistent conversion factor in M5 | ‘
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Do spiral arms impact cloud properties!?

&

“clouds grow ac’ross spiral arm (M51,1C342):

small clouds cIuster/colllde wh|Ie crossmg spiral arm
I | Egusa, Koda & Scoville (20IO)

Hirota et al. (201 I)




Do spiral arms impact cloud properties!?

&

clouds grow ac’ross spiral arm (M51,1C342):

small clouds cIuster/colllde wh|Ie crossmg spiral arm
i 3 | Egusa, Koda & Scoville (20I0)
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Galactic environments in M51
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Galactic environments in M51
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‘ Molecular gas structure varies with environment
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PDF - Probability Distribution Function

gas density

(local) MWV clouds

Kainulainen et al. (201 1)

log-normal
~~, (turbulent)

{ power law
% (star forming)

e.g. Federrath (2013)

>
s=logT
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Molecular gas structure varies with environment

PDF - Probability Distribution Function
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |

Columbo et al. (2014a)
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |

Columbo et al. (2014a)

2f sm= ;
5 E
) p
e. ]
= | ':
2 :
N\ ]
E :
= 0 ;
Z Nuclear Bar
& - Nuclear Ring e :
— Dens-Wave Arms Out | ]
-1 & Dens-Wave Arms In " =
A Material Arms p
B Upstream
¢ Downstream
I BEPEE TR RPN A TR B
5.0 6.0 7.0
|Og Mlum [Msun]



‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |
——r

Columbo et al. (2014a)
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |

Columbo et al. (2014a)
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |
——r
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function |
——r
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GMC properties vary with environment
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‘ GMC properties vary with environment

Giant Molecular Cloud (GMC) mass function: slope & truncation mass
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GMC lifetimes in M51

Meidt et al. (2015)
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GMC lifetimes in M51

Meidt et al. (2015)

inter-arm region
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|) associate clouds
azimuthal phase ¢

with SF regions >
cloud trajectory

2) compare cloud numbers time teravel ~ torb/2

associate with travel time t —
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GMC lifetimes in M51
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GMC lifetimes in M51

Meidt et al. (2015)
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GMC lifetimes in M51
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GMC lifetimes in M51

Meidt et al. (2015)
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Molecular gas and star formation in spiral galaxies

#l:

3D distribution of molecular gas differs from atomic gas one

H2:
Giant Molecular Cloud properties are set by environment

#3:

Conversion of molecular gas into stars is complex process
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The gas-SFR relation in M5

Leroy et al. (in prep.)

@ 800pc: '2CO(1-0),(2-1),(3-2),'3CO(1-0), 24um, TIR,
Hx, FUV, 20cm, 6cm, 3.6cm ...
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The gas-SFR relation in M51

Leroy et al. (in prep.)
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The gas-SFR relation in M51
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The gas-SFR relation in M51
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Impact of dynamical pressure

Meidt et al. (201 3)

disk structures drive gas flows

gas flows increase cloud stability

7> lower SFR (star formation rate)

increase in depletion time
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Requirements for dynamical pressure ‘

|,500 clouds identified in M51

clouds in arm are:

Colombo et al. (2014)

» brighter

> more massive

» higher gas surface density

log(internal pressure [K cm3))

Hughes et al. (2013b, in prep.)
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Requirements for dynamical pressure ‘

|,500 clouds identified in M51

Colombo et al. (2014)

clouds in arm are:
» brighter
P  mMmore massive

» higher gas surface density

log(internal pressure [K cm3))

clouds must “know”

about environment

Hughes et al. (2013b, in prep.)
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dynamical pressure
Meidt et al. (2013)
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Meidt et al. (201 3)

® Bernoulli: gas in motion,
reduced pressure




Meidt et al. (2013)

Bernoulli: gas in motion,
reduced pressure

increased cloud stable mass (bigger before
collapse)

fewer collapse-unstable clouds

lower star formation, longer Tdep
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with

dN/dM «MY
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with

dN/dM «MY
unstable

with Vstream
pressure decreased,
stable mass raised
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with

dN/dM «MY
unstable

with Vstream
pressure decreased,
stable mass raised
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with

dN/dM «MY
unstable

with Vstream
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stable mass raised
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A Quantitative approach

, Meidt et al. (201 3)
cloud mass spectrum power-law with

dN/dM «MY
unstable

with Vstream
pressure decreased,
stable mass raised
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measure from observed
kinematics



Gas motion introduces scatter in gas-SFR relation
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Gas motion introduces scatter in gas-SFR relation

Meidt et al. (2013)
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7> gas streaming increases depletion time
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Off-set star formation
= stars form in spurs!

Schinnerer et al. (in prep.)
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along spurs, but varying
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= stars form in spurs!

Schinnerer et al. (in prep.)

HIl regions are off gas arm
along spurs, but varying

hot dust (24 Um)
associated with HIl regions




**:

Off-set star formation
= stars form in spurs!

Schinnerer et al. (in prep.)

HIl regions are off gas arm
along spurs, but varying

hot dust (24 Um)
associated with HIl regions

young stellar clusters
abundant off arm, along spurs




Onset of star formation delayed/prevented in spiral arm
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Onset of star formation delayed/prevented in spiral arm

o clyster
‘o
c
o i stars
£ "+ Imolecul
o molecular gas
(D] i
n .
0
© 2
:
: s
0
o &
0 E LR
U k AR
2 E : y
2B 2§ 0
i
S 5%
€ E Y Wiec
- © Tl

no significant star formation in arms, restricted to gas spurs
:> collapse of clouds delayed or prevented in spiral arm



Complex relation between clouds and stellar clusters

YSC and GMC properties tracked:
> maximum mass

» number density
» mass surface density

But ...

YSC :
Young Stellar Cluster
GMC :
Giant Molecular Cloud

Hughes et al. (2013a)




slope (YSC mass function)
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Complex relation between clouds and

stellar clusters

slope (YSC mass function)
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Complex relation between clouds and stellar clusters

slope (YSC mass function)
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slope (YSC mass function)

I I I I I I I I I I I I I I I I | L I PR |
I I I "7 A

) il YSC:
_15} [l slopeamc=slopeysc - - Young Stellar Cluster
1 |GMc:
O - Giant Molecular Cloud
20 m . -
5 5 3? B no simple
o S : relation
O {\151 overall 7
_3ofnterar & & - —>
//’ O al:lfl{ ' .
S center ¢amiou .
arm2 i diverse set of
35}~ A downstream _| ]
~'slopecmc=slopeysc+0.3dex & Deem | mechanisms
at work

-30 25 20 -15 -10

slope (GMC mass function) Hughes et al. (2013a)



Star formation regulation on molecular cloud scales
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Giant Molecular Cloud propertles are set by environment
" LUCL TR Te Bl R R g Tl Ll i ) g 4 NN, N VUM WA L VAR TR

e = ’

Conversion of molecular gas |nto stars is complex process




