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There Is Not One Magic Scale/Process

Extragalactic
(lonized) Gas

Gas (N
Accretion Star

Formation

Diffuse (Atomic)
Gas

Dense
(Molecular)

Gas
Cloud
fructure
Cloud Bound S
Formation (Molecular)
Gas




if you zoom out enough

Extragalactic

(lonized) Gas
“Bathtub Model”
Gas Once you accrete gas other
Accretion processes happen...

This is good enough for folks
working at very large scales.




A Molecular Bakhtub

4

- \_/-/ “Cloud (H,) Formation”

In dwarfs and outer disks, the
ISM is mostly diffuse, warm gas
and the key to get stars is just to
get cold, bound clouds. SF is
fast after this.

Diffuse (Atomic)

Gas This is basically the classic “star

formation threshold.”

Bound
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Gas



From Cold (Bound?) Gas ko Stars

4

- \_/-') “Molecular SF ‘Law’”

In high z galaxies, inner parts of disks,
starbursts, galaxy centers, most gas is
H, already (we think) and H2 and SF
are the most straightforward
observables.

This is the current most commonly
studied link at galaxy scales.
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Rut O»Mi.v Dense Cras Forms Skars

g

- J-J) “Dense Gas Threshold”

In the Milky Way stars form
overwhelmingly inside the high
density parts of a cloud. Linking star
formation to the dense structures is @
huge part of Galactic star formation.

D
This is, e.g., the topic probed by HCN- (Mo@r(‘fﬁor)

star formation comparisons. Gas




Linking Clouds to Galaxies

g

N J‘J)“Cloud Structure / Populations”

If dense gas (or gas density) is the
end of the story, substructure within
clouds and the properties of the
cloud population are the key aspect
mediating star formatfion. In the

Galaxy this could be “PDF" or Dense
“filament formation™ depending on | (Molecular)
your distance. Gas

Bound
(Molecular)
Gas



A Vastly Oversimplified Skebch of Regimes
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Unders&av\ding These Processes Via Observations
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Understanding These Processes Via Observations
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UhdersEaMcing These Processes Via Observations

TH2 “gas depletion fime.”
SFR Timescale x efficiency. Specific SFR per M,,,.

Observable, normalized, natural theoretical prediction, scale independentx.
These types of quantities should reflect equilibrium in long Lived systems.
That is, they encode formation & destruction (and so depend on feedbacie).

dense

MHI MH2

SPR SFR SFR SFR M,, M
M MHI MH2 M

gas

Dense



Natural Way to Talk About These Processes

ng _ EHZ “gas depletion fime.”
° E Timescale x efficiency. Specific SFR per M.
SFR
Observable, normalized, natural theoretical prediction, Ml@p@m#ﬂ

These bypes of quantities should reflect equilibrium in long lived systems,
That is, they encode formation & destruction (and so depend on feedbacie).

R, = EHZ “Molecular-to-atomic ratio. “
EHI How molecular is the cold ISM2

5 -3 ) y
fo. = Em (n>10°em™) 7, “Dense gas fraction.
dense E 1., Howmuch of an average cloud’s mass is dense?
H2

* Once you zoom out enough. This is an important caveat!



Some examples of ideas expressed this way;

SFR/My,, depends on disk-averaged 2
Kennicutt ‘98 and many following

Physics: largely observational, but free fall in a fixed-h disk works

SFR/M,,, depends on disk-averaged orbital time
Silk ‘97, Tan '00, Daddi+'10, Genzel+ ‘10, Garcio-Burillo+ '12

Physics: disk self-regulation

SFR/M,;, depends on M, ../ M};»
Gao & Solomon ‘04ab, Heiderman+ ‘10, Lada+ ‘10, 12, Evans+ ‘14

Physics: universal processes (efficiency in self-gravitating dense gas), i.e., a
“dense gas threshold”



Some examples of ideas expressed this way;

M,,/M,, depends surface density of individual clouds and D/G ratio
Krumholz+ 09, 10, McKee+ "10, Sternberg+ ‘14

Physics: PDR-type modeling of HI-to-H, transition in clouds.

M,,/M,, depends on disk surface density (stars) and scale height
Elmegreen+ '89, ‘94, Wong, Blitz, Rosolowsky ‘04, '06, Ostriker+ ‘10,11

Physics: vertical hydrostatic equilibrium self-regulation

SFR/My, (or My;,/My,) depends on radial stability (Q in one form or another)
Kennicutt ‘89, Boissier+ ‘03, Schaye ‘04, Li+ '05, '06, Krumholz+ '12

Physics: radial disk stability self-regulation



Some examples of ideas expressed this way;

SFR/M_,. depends on the free-fall time (density) across many scales

Elmegreen 00, Krumholz & Tan ‘07, Krumholz+ "12

gas

Physics: Regulated gravitational instability still uses collapse time

SFR/M,,, depends positively on shear / cloud collision rate
Tan ‘00, ‘10, Tasker ‘09, Fukui+ '14; Koda+ ‘09, Wada similar (w/ arms)

Physics: compression of clouds from collision needed for high mass SF

SFR/M,, anti-correlates with Bernoulli-style pressure
Meidt+ '13, but bar-suppression similar

Physics: radial disk stability self-regulation



Framework & Approach

1. Building stars o a galactic scales occurs over multiple
scales and processes. The Limiting process varies by regume,

2. Intensive quamntities that caplture a balance of formative
processes and feedback offer a useful, scale independent
way to study these processes in multiwavelength data sets.

3. Many current theories can be readily expresses this way,
4. The same approach applies to, e.q,, cloud properties, HI

fhases, internal conditions in the gas, dynamical features
ke arms & bars, ete,
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Time Averaged Processes and Individual Regions
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Dec. (J2000)

The Complications of High Resolution
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High Enough Resolution, Evolution is Visible
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At High Enough Resolution, Evolution is Visible

Uec. (Jeuuu)
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SCHINNERER ET AL. (2013), PETY ET AL. (2013) — ASK S. MEIDT, HUGHES, LEROY ET PAWS IN PREP.
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Effect of Resolution & Targeting on CO-to-Ha

<#> of High Mass Star Forming Regions
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Evolubtion as “Scakbter” i SFR-to-Gras Rakios
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Scale-Dependence of Scatter in H/5FR
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Resolving Evolution in Individual Regions

Type I
no massive
star formation

Type 11
only HII regions

Type 111
HII regions and
young clusters
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LMC - KAWAMURA+ '09, FUKUI & KAWAMURA ‘10
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Surface Density and Scale

Surface density is not scale independent - especially for CO
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Scale and S&ud:jms SF i Cralaxies

1. Gralaxy scale observations allow study of time-averaged
processes bj blending regions in many evolutionary states.

2. The increasing resolution of extragalactic data sets
allows one to distinguish individual regions.

3. Capturing these regions in a specific state (HII region,
molecular cloud, exposed cluster) introduces scatter into
attempts to measure time-averaged equitibria.

4. The same scatter allows access to the life cycle of star
formi,sr\g regions, (cf. NANTEN surveys, PAWS, M:,Uf:j Naj)

£, There is almost certainly not a Lf’@.:j scale but a k’&j
degree of averaging (e.q., ntegrated SFR or mass)
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HI/SFR: cloud+star formakion in dwarfs/outer disks
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Skar Formalbion Qccurs in Molecular Gas

HI Surface Density [Mg pc?]

p—
N

O
§_ 1.0000 N T T T T T
T Gas (21-cm)

> /// . 7

5 -

n 00 e
S 0.1000 L’ =
Bl /, /, :
) e L’ b
oz [ ] L’ /’/
+ - .
> ,/ ,’/
=) s B

0.0100 ° R =

:? ,” &bQ,Q// ]
(72] e L7

c ® e Y L

(0] Rt s\s(\+,/
o .’/ 0 /’

O 0010 & i
5 Al 7
= e 7

: ,’ //
m /// //,
g // ///
& 0.0001 Lol

1 10 100 1000

Star Formation Rate per Area [Mg yr™' kpc %]

1.0000E

0.1000

0.0100

0.0010

0.0001 L~

Azimuthal averages in 30 galaxies

! 'i',"l ! et '/'/"I ! ot I’I)E
R
Molecular Gas (CO 2-1) .-~ 1
L7 .7 .,//
3,
"% ee ;
e [ ] ® PR
) ) ;
S e
o238
[ ] /,’,
L’ &6‘?’?’/,:
eb ]
O
&
2
" A
1 ......L’// '
10 100 1000

H, Surface Density [My pc?]

Gas Surface Density [M,,, pc?]

SCHRUBA, LEROY ET AL. '11, Leroy+ ‘08, Bigiel, Leroy+ ‘08, Kennicutt+ ‘07, Wong+ ‘02



Bub the ISM is SEHLL Mostly HI in Ouber Disks & Dwarfs

NGC 3184 - Spiral

|C 2574 - Dwarf




Rough Radial Skructure of Dwarf & Disk
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Integrated SFR-per-HI in the Local Volume

log SFR [Mg yr™']

Mass-dependent SFR/HI of magnitude few to several Gyr
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log SFR/M, [yr™']

Integrated SFR-per-HI in GASS
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HI-SFR Balance in Larger ALFALFA Survey

Long (e, 10 Gjr) but variable HI depid:mh time

log SFR [Mg yr™']

HUANG ET AL. (2012)



SFR/HI
SFR / HI « R__,

HI-SF Balance i the Disks of Galaxies

Sktrong dependence Large scatter ot fixed gas surface
on stellar surface density, density in same regime

100 T T T T T Ty 10°F T T T T T T T
i ISM is mostly Hl ]
107 E 17E : E
1072 . - s 10 .
2 ]

¥

T

~
107° 3 & 10 =
10_45 = 107* -
10_5 il Ll il Lol L1l 10_5 1 1 Ir‘IIIII 1 vl 1 ' A A

10° 10 10° 10° 10* 10° 1 10 100 1000

HI+H, Surface Density [My pc?]

Stellar Surface Density [Mg pc?]

Stellar Surface Density Gas Surface Density

LEROY+ '08, ‘09, IN PREP.; SEE REAGAN+ ‘01, WONG & BLITZ '02, SHI+ ‘11, ‘14



HI-SF Balance in the Qubskirts of Galaxies

SFR/HI

Star Formation Efficiency [yr ']

With large scatter, SFR-per-HI increases with increasing gas surface densiby
in the outer parts (1-2 optical radii) of galaxies...

- Spirals Dwarfs 90% [T
b 107°F 1=20r, = 1=2er,, 75%D E

|
-

iNn
W

-0.4 0.0 0.5 1.0 1.5 2.0 -0.4 0.0 0.5 1.0 1.5 2.0

log Z,; [Me pc”)

Hl Surface Density

BIGIEL, LEROY, WALTER ET AL. (2010)



SFR/HI Balance

1. HI malkes up most of the ISM in dwarf galaxies and the
outer parts of spirals.

2. In this regime SFR-HI captures the overall efficacy of the
ISM ab forming stars. This is often several Gyr (big
galaxies) to roughly a Hubble time (smaller galaxies).

3. Measurements of the local volume and larger galaxy
Koputa&ieh show some mass dependence with the sense of
igher efficiency at higher masses.

4. In the disks of galaxies where the stellar potentiol well
is still strong, stellar surface density predicts SFR/HI.

§. In the outer parts of galaxies more gas means higher
SFR/HI, though with significant scatter.
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Star Formation from Molecular Clouds
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Skar Formalbion Qccurs in Molecular Gas

HI Surface Density [Mg pc?]
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Local Disks - Most Appm‘ev& BRehavior 1-to-1
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Local Disks - Most AF‘PQ\”EV\E BRehavior 1-to-1

log;, SFR Surface Density (M. yr-! kpc-2)
30 galaxies, 1 kpc resolution

log,, H, Surface Density (M. pc-2)

LEROY, WALTER, SANDSTROM+ '13, ‘08, SCHRUBA, LEROY+ ‘11, BIGIEL, LEROY+ ‘08



Many Galaxy Centers Show More Efficient SF

30 galaxies, 1 kpc resolution
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H,-SF From Disks to Starbursts
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COLD GASS: Clear CO/SFR Correlabion with m,
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Eartv T‘jpe Cralaxies: Sawe Qualibakive M, Trend

e Spirals

e Starbursts
e ETGs (this paper)
» Resolved ETGs
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Trends With Integrated Gralaxy Properties
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Me&au&ti&gj/ DGR and CO
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Specific SFR in Gas and Stars
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SFR/H, Balance

1. SFR Eraces H2 wmore d\irez:&ttj Ehain HI.

2. In the disks of big galaxies, the implied depletion time
is 1 to a few Gy

3. Trends with gataxv praperﬁes:
- d\epte_&mn tive thereases wikh stellar mass
- early Ejfe galaxies show the same trend
- apparen d.e.pte&wn time shorber ab Low me&auiaiﬁj

I E— . .
- specific star formation rate in gas and stars match

4. Within galaxies, centers show wide range of SFR/HZ.

5. Even a “normal” scaling hides s;s&ema&éc variations,
(e.9,, dynamical suppression i MS1 inner arms)



An Iucompl.e&e Look at Skar Formation on Galactic Scales

H,-HI Balance

Cloud Skructure / Dewnse Cras Frackion

Please Spealk Up!



H,-HI Balawnce

Column density predicts H, fraction, with HI showing a narrow distribution
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SCHRUBA, LEROY+ ‘11; LEROY+ '08; BIGIEL, LEROY+ '08; LEROY+ KINGFISH IN PREP.



Molecular to Atomic Gas Ratio

H,-HI Balawnce
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Residuals in H,/HI vs. column correlate with dust-to-gas ratio.
Expected for HI shielding layer in clouds.
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Leroy et KINGFISH (Aniano, Draine) + HERACLES + THINGS in prep.
Physics of HI shielding layer: Krumholz et al. 2009ab, Wolifre et al. 2010
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SFR/HI
SFR / HI « R__,

H,-HI Balawnce

Strong dependence
on stellar surface density.

Large scaftter at fixed gas surface
density in same regime
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LEROY+ '08, ‘09, IN PREP.; SEE REAGAN+ ‘O1, WONG & BLITZ '02 IN THE H,-RICH REGIME



Cloud Skructure
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Leroy et KINGFISH (Aniano, Draine) + HERACLES + THINGS in prep.
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Cloud Skructure
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A Combined Gas-Stars Scaling
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H./HI Balance

1. Strong systematic changes in H2/HI across galaxies.

2. ﬁependeuc:es ol gas column, stellar surfoce dehsi,&j.
3. Second order dependences on dust-to-gas ratio.

4. Other possible expressions:

- ISM pressure + DGR

- self-regulation to a roughly constant HI layer
- two parameter scaling law PsEars and gas)



An Incompl.el:e Look at Skar Formation on Galactic Scales

Cloud Skructure / Dewnse Cras Frackion

Please Spealk Up!



Cloud Skructure Across the Local Universe

Orion at 1 pc resolution Orion at 30 pc resolution
Image Saturates at 15 K Image Saturates at 2 K

Wilson et al. (2005)
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Spaa&rmscopj to el Cloud Skructure
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Lg (Lo) = SFR (Mg yr™)/cpg

Jduskt Dense Gas?

T T

Lig = 33L¢

T

T T Ty

T T TTTTT

Ll

panl

1013: T "’,’] T T T l"f’] T "l T T T 1013: T T "l"'l
- The fit line: Ly/Lyey=900 F The fit line:
for Ly<10"L, O o for Ly < 10" Lg
i o
=
10l%} 4 < 10l?
T
1
)
©
E b
1oll} 1 @ 10ill
= F
> _
I
L } L
ol0] 1 2 o100
[+
E
109 I vl 1 sl 1 v 1 el 1 111 1333 109 Il
108 107 108 10? 1019 107
Lucy (K km s7! pe® )

1

oll

Gao & Solomon 04ab; see also Garcia-Burillo et al. (2012)



60°10'00" 60°15'00"

60°05'00"

NGC6946

Pense ras Su,rve'.js

" IRAM 30-m Survey of Disk Pointings
PI: Antonio Usero (OAN, Madrid)
Observations: 2008-2011

* Targeted 62 regions in 29 galaxies.
e Resolution ~ 1 —2 kpc
e Drawn from HERACLES survey.
« Have SINGS, THINGS++, KINGFISH
* Also HCO+, other CO, HNC, more...
* Picked to:
- Be detectable (bright CO)
- Sample a range of radii, conditions

“Gao and Solomon for Disks”

20"35™00°




Spea&romagia Cloud Skructure: Dense Gras
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HCN-to-CO Increases With Surface Densily

Apparent dense gas fraction a clear function of surface density inside galaxy disks.

HCN-to-CO vs. H,/HI IR-to-HCN vs Stellar Surface Density
Ly = 101(-1 48:0.04) Xo.29¢6.o4 ..................... |y := 1()(-1.9210.1::3) . x0:27%0.05
- : E : :
o | : P
L0 E o
o : o
: wn I
3 : 5 O
£ : S
LA : n
2 O 5 3
i ° |48
i : =
? @ o
&9 | 8
S : S [
I USRI © |
o o
§ i : : 8 - : : :
1 i 1 1 i 1 1 i O i 1 i 1 i 1 i
0.5 20 5.0 20.0 50.0 10 50 500 ) 5000
2mol/zatom Zstar (MSUN pC_ )

Usero, Leroy et al. to be submitted



Dense Gras Frackion As Driver

Apparent dense gas fraction predicts apparent depletion time but with huge scatter.
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Non-Universal Dense Gras Efficiency

2

A universal density threshold can be rescued by playing with HCN “conversion factors,
though the plausible range is quite specific — it has to cancel the observed trend.

But, this removes the a major observational plank from the “universal” threshold idea.

4.0 1 T Tt [ T T T T [ T T T T

Simple NIRTansl ton
| ®Meidt et a al. pro ing of NIR

® e

3.5~ -

S 3.0

log,, HCN-to—IR Ratio [K km s~ pc? / Lg]
8 o
8‘
O
O
O
o
o
|

‘2'5:_ © .%o

IR-to-HCN vs Stellar Surface Density

2.0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1.5 2.0 2.5 3.0 3.5 4.0
log,, Stellar Surface Density [My pc™?]

Usero, Leroy et al. to be submitted



Pense (ras Maps

HCN, HCO+, HNC (1-0) mapping of M51 disk.
L
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Frank Bigiel et PAWS (in prep.) — incl. Pety, Hughes, Schinnerer



Non-Universal Dense Gras Efficiency

M51 whole-galaxy map agrees (to first order) with selected disk points.
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IR-to-HCN vs Stellar Surface Density

Gray points: 1 kpe, Red points: binned data Usero, Leroy to be submitted, M51: Bigiel et al. (in prep.)



Cloud Skruckure / Dewnse Cras Frackion

1. Cloud popula&&o&as d&epend o environment,
2. Mass function, turbulence, dynamical state all vary,

3. Spectroscopic tracers of cloud structure (e.g., HCN/CO)
also show sstemo\Eic vartations,

4. Perhaps surprisingly (or not) SFR per dense gas also
shows substantial variation,



