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|l ocal Universe



“It would seem most probable that the rate of star

formation depends on the gas density and we shall

assume that the number formed per unit interval of
time varies with a power of the gas density ...”

(Schmidt 1959)
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Not just an exception...



Not just an exception...

Orion Molecular Cloud




IRAS

Not just an exception...
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IRAS
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Clouds identical in mass & size



Inventory of Local Star Formation Activity

Infrared extinction and cloud masses



Extinction Primer
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Extinction Primer

_____ @fe]lo]
""""" . Iy
i AN = My, — M),
-, Color Excess
;' E()\l — )\2) — Amobs — Am*
"' —1
;\ ,"'F*e_'r p— A>\1 — A>\2 J— R]_,QA)\l

v
l 4
.....
-------

R, , parametrizes our knowledge (or ighorance) on the
dust properties at the two frequencies A\; and X2



The NICER technique
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The NICER technique

® Un-reddened stars
occupy a small region in
the color-color plane
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CO vs. dust

_______________________________________________________________

_________________________________________________________________

______________________

12CO: Onishi et al. (1999), M=6500



CO vs. dust

_________________________________________________________________

____________________________________________________

NICER: Lombardi et al. (2006), M=11000



CO vs. dust
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NICER: full resolution (1 arcmin)
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Extinction

VLT + NTT (BIK)

VLT (BVI)

Alves et al. (2000)



Extinction

VLT (BVI) VLT + NTT (BIK)

Alves et al. (2000)



Milky Way & Gould belt (optical)

A. Mellinger



Milky Way & Gould belt (optical)
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Milky Way & Gould belt (optical)

A. Mellinger



Milky Way & Gould belt (NIR)
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The Pipe Nebula (Lombardi et al. 2006)



he Pipe Nebula (Lombardi et al. 2006)




Lombardi et al. (2009)



Galactic Latitude
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Galactic Latitude
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Lombardi et al. (201 1)
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Inventory of Star Formation Activity:

Molecular Clouds

Cloud sample: wide field 2MASS/NICER

extinction survey of 21 local modelcular clouds

Cloud Mass (10* M,)
Orion A 6.77
Orion B 7.18
California 9.99
Perseus |.84
Taurus | .49
Ophiuchus |.41
RCrA 0.1
Pipe 0.79
Lupus | 0.22
Lupus 3 0.14
Lupus 4 0.08




Inventory of Star Formation Activity:
Young Stellar Objects (YSOs)

Mining the literature: mostly IR data (SPITZER)

Cloud YSOs

Orion A 2862

Orion B 635

; AR | California 279
g o o «.‘« %f PR Perseus 598
g e ‘%“'2%?5**: T on T Taurus 335
5- & 5o X S Ophiuchus 316
RCrA 100

’ m‘——‘sa“““gfhsof“zaal““ Pipe 21

Galactic Longltude Lupus | 13

Lupus 3 69

Lupus 4 Wi




Variation of specific star formation rate



Variations of efficiencies and star
formation rates in local molecular clouds
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Variations of efficiencies and star
formation rates in local molecular clouds
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Variations of efficiencies and star
formation rates in local molecular clouds

Greather than one order of magnitude
and

independent of the cloud mass!

7 8 104
Cloud Mass (solar masses)

SFR = <m*>NYSOS/tSf ~ ().20 X 10_6NYSOS Mg yr_l



What determines the star formation rate?



Galactic Latitude

Galactic Latitude

Comparing the California and
Orion molecular clouds
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Comparing the California and
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Comparing the California and
Orion molecular clouds

0 Nearly identical shapes & sizes, but

) l l YSOs(Orion) > 10 x YSOs(California)
é l f‘}"\ “\ = "“.h\‘.{- 0.¢ . . .
L i | - SFR(Orion) > 10 x SFR(California)
Orlon has IO x as much material at Ak > | mag
as Callfornla
) = —— 08 z
E | i ~ | E
§ 20 ‘; | S e | oa™  1©
:: S ~ e o 10°




Normalized cloud mass profiles

Kainulainen et al. (2009)



SFR directly proportional to mass
above Ak > 0.8 mag (2 >116 Mg pc?)
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SFR directly proportional to mass
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N(YSOs)

SFR directly proportional to mass
above Ak > 0.8 mag (2 >116 Mg pc?)
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NIYSOs)

SFR directly proportional to mass
above Ak > 0.8 mag (2 >116 Mg pc?)

SR\ _ 465 1078 (Mos
Mg yr—! Mg

r T T 1T 1Ty T Ll Ll T 1 ¥ YTTI T L] Ll TTYTY]’ Ll T 15T
® Ori A

10*E & OnB =3
@ California 3
L @ Pipe v 1
@ rho Oph o 1
I Taurus 1

10° | Perscus ]
r @ Lupus| 2 3
A Lupus3 ]
. m Lupus4 ]
| Corona - |

10° E
E A ]
i 4
L o ]
‘ ®

10' - E
- -
r 1

]('I' L | ' - J ’ 'S _— 1111 'S ’ ' LJ]LLL 1 P
10! 10° 10° 107 10°

Cloud mass (M. )



N(YSOs

SFR directly proportional to mass

above Ak > 0.8 mag (2 >116 Mg pc?)
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N(YSOs

SFR directly proportional to mass

above Ak > 0.8 mag (2 >116 Mg pc?)
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The physical process

® Stars form in of molecular clouds

® “proctected” environment: cold gas, no UV
radiation, Jeans/Bonnor-Ebert instability

® We find that the SFR correlates with the amount
of mass above a

® The projected mass density is unphysical

(depends on the line of sight); we should have
instead a !



A 2-p relation for molecular clouds

® Different Molecular clouds

e Ori A
show consistent structure *2ne
;E?j ® Pipe Taurus
® Same average density a . Lupe] o
above threshold value (as Lupus 4 m

predicted by WDM) | Corona

® Same probability

distribution for 2 (log-  OiiA
normal) Cali

California
Pipe
rho Oph

® Similar stratification of
surface density contours

Perseus
Lupus 1
Lupus 3
Lupus 4
Corona

Surface density (Mg pc™2)

Lombardi et al. (2010)



Ap(Ak)

Log-normal fits to cloud projected

den5|ty distributions
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Lombardi et al. (201 1)



A 2-p relation for molecular clouds

® Different Molecular clouds IC 5146/ B168
show consistent structure

® Same average density a

above threshold value (as
predicted by WDM)

® Same probability

distribution for 2 (log-
normal)

® Similar stratification of
surface density contours

Lada, Alves, Lada (1999)




SFR directly proportional to mass
above Ak > 0.8 mag (2 >116 Mg pc?)
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SFR directly proportional to mass
above n>10* cm= (p > 700 M@ pc)
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SFR directly proportional to mass
above n>10* cm= (p > 700 M@ pc)
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Now My s represents the
mass of the cloud in dense
regions:




SFR directly proportional to mass
above n>10* cm= (p > 700 M@ pc)
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mass of the cloud in dense
regions:

Mo.sz/ p(z)d’x
D




SFR directly proportional to mass
above n>10* cm= (p > 700 M@ pc)

( IR > —(4.6 x 10~8 (M0'8>
Mg yr—! Mg

Now My s represents the
mass of the cloud in dense
regions:

Mo.sz/ p(z)d’x
D

D = {x|p(x) > 400 My, pc°}




Log

(H, Density in cm

40 20 10 o 4 3 2 1

SFR directly proportional to mass
above n>10* cm= (p > 700 M@ pc)

( SER > —(4.6 x 1078 <M0'8>
Mg yr—! Mg

Visual Extinction [mag]

Now My s represents the
mass of the cloud in dense
regions:

3 |
0

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

M()_gz/ p(z)d’x
D

D = {x|p(x) > 400 My, pc°}

Radius (pc)



Star formation scaling laws for low density gas



Galactic Latitude

Galactic Latitude
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M(CO) ~ M(Ak>0.] mag)




log(SFR) M, yr'']
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log(SFR) M, yr'']

" Ay > 0.8 mag
Ak > 0.1 mag
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From local clouds to galaxies



Extragalactic scaling law

~
j
N’
—
[+ 4
T
—
oOp
o

s "Millky Way GMCs

Wu et al. (2005)

a  MALT90 Data (Year 1 & 2)
e Galaxy Data (Gao & Solomon 2004)

Local clouds SF law:  SFRmc = 4.6 x 10 Mos
Extragalactic SF law: SFRxgaL = 1.8 x 108 Mycn



Extragalactic scaling law

® Does Mog ~ MueN !
® MucN = XHeN lHeN

® pucN > 2-3 x 10% ecm3

N

® pog> 1-2x 10*ecm3

= MALT90 Data (Year 1 & 2)
e Galaxy Data (Gao & Solomon 2004)

® Probably!

Local clouds SF law:  SFRmc = 4.6 x 10 Mos
Extragalactic SF law: SFRxgaL = 1.8 x 108 Mycn



Extragalactic scaling law

® Does SFRMc ~ SFRxgaL ?

® SFRxgaL derived from
SB99 code

® SFRMc = N« <M:=> [ ty

N

® SB99 code often used as a [ MALTS0 Data (Year 1 &2 |
black box’’ with default

parameters

Local clouds SF law:  SFRmc = 4.6 x 10 Mos
Extragalactic SF law: SFRxgaL = 1.8 x 108 Mycn



On determining the SFRs with Starburst 99

Standard parameters:

SFRgy = 2.0 x 10-10L;g/Le Mg yr!

SFR.,s = 8.7 x 10* Mg yr-!
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On determining the SFRs with Starburst 99

For tss = 2 Myr:
SFR99 =3.2x 1010 L|R/L@ M@ )’I"-I

L|R(ObS) =54 x 10° Lo
SFRgg = 1.6 x 10* Mg yr!

SFR.,s = 8.7 x 10* Mg yr-!




On determining the SFRs with Starburst 99

FOI" tsf — 2 M)’I" & Mmax — 30 M@
SFRgs = 10 x 1010 Lig/Le Mg yr-

L|R(ObS) =54 x 10° Lo
SFR99 = 5.6 x 10 M )’I"'I

SFR.,s = 8.7 x 10* Mg yr-!




On determining the SFRs with Starburst 99

FOI" tsf — 2 M)’I" & Mmax — 30 M@
SFRgs = 10 x 1010 Lig/Le Mg yr-

L|R(ObS) =54x10° L@

SFR99 = 5.6 x 104 M )’I’"I

BN SFR_,. = 8.7 x [0* Mg yr!

Similar results obtained by Chomiuk & Povich (201 I):

SFRGMcs = 2.7 SFRspoo
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Star Formation Scaling Laws from Local Clouds to Galaxies

log(SFR) [M,/yr]
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Star Formation Scaling Laws from Local Clouds to Galaxies

log(SFR) [M,/yr]
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Star Formation Scaling Laws from Local Clouds to Galaxies
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Daddi et al. (2010)
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Star Formation Scaling Laws from Local Clouds to Galaxies

log(SFR) [M,/yr]
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log L (Lo)

A Linear Scaling Law for Galaxies

Young & Scoville 1991, ARAA 32, 581
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log SFR ( Mg yr') + 9.28
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A Linear Scaling Law for Galaxies

Young & Scoville 1991, ARAA 32, 581
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A Linear Scaling Law for Galaxies

Young & Scoville 1991, ARAA 32, 581
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The nature of the
Schmidt-Kennicutt scaling relation



Physical interpretation

® Standard interpretation:

P~ Pgas ~ \/apl.?)
TH

® We do not observe
collapsing gas forming stars

® A CO beam (~kpc) includes
several clouds: higher CO
intensity implies more
clouds, not densier gas

® A shallower relation should
hold



Physical interpretation

® Standard interpretation:
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® We do not observe
collapsing gas forming stars

® A CO beam (~kpc) includes
several clouds: higher CO
intensity implies more
clouds, not densier gas

® A shallower relation should
hold
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Star Formation Scaling Laws from Local Clouds to Galaxies
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Sample of 17 nearby galaxies

Biegel et al. 2008
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® HI does not correlate at all with the SFR
® Hj correlates with slope | (Gao-Solomon law)
® HI| + H; correlates with slope ~1.5 (Schmidt-Kennicutt law)

Smidth-Kennicutt law seems to be just the result of gas dilution!
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Star Formaiton Scaling Laws: A Comparison
Observational Implications and Test: Mass(A) = Mass(B)
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Star Formaiton Scaling Laws: A Comparison
Mass(A) = Mass(B)

=)

SFR(B) = SFR(A) Density Scaling Law
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Star Formaiton Scaling Laws: A Comparison
Mass(A) = Mass(B)

=)

Density Scaling Law

Schmidt Scaling Laws n=1.5
SFR ~ pn SFR(B) — (pg(B)/ pg(A))n SFR(A)
Pser ~ (Pg)"

2srr ~ (2g)"
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Star Formaiton Scaling Laws: A Comparison
Mass(A) = Mass(B)
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Density Scaling Law

Schmidt Scaling Laws n=1.5
SFR ~ p" SFR(B) = (Pys/ Pua)" SFR(A) SFR(B) = 1600 SFR(A)
Pser ~ (Pg)" SFR(B) = (pg@y/ Pga)™' SFR(A) SFR(B) =10 SFR(A)

ZSFR ~ (Zg)” SFR(B) = (Zg(B)/ Zg(A))”'1 SFR(A)



Star Formaiton Scaling Laws: A Comparison
Mass(A) = Mass(B)

=)

Density Scaling Law

Schmidt Scaling Laws n=1.5
SFR ~ p" SFR(B) = (Pys/ Pua)" SFR(A) SFR(B) = 1600 SFR(A)
Pser ~ (Pg)" SFR(B) = (pg@y/ Pga)™' SFR(A) SFR(B) =10 SFR(A)

2ser ~ (2g)" SFR(B) = (Z4p) Zga)™' SFR(A) SFR(B) = (1-5) SFR(A)



|. Specific star formation rates in molecular clouds vary considerably

2. The SFR correlates most directly with total mass of dense gas above a
threshold column density of Ay = 7 mag, corresponding to n=10* cm-3

3. A single, linear, star formation law connects galactic clouds to external
galaxies: SFR = 4.6 £ 2.6 x 10® Mgense (Mg yr')
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