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Kennicutt-Schmidt SFR Relations
SFR ~ pgas1-5

Theoretically
tse ~ p 12

Mo~p

SFR = Mg/t ~ p3?

-orbital time scale of galactic disk

-cloud-cloud collision time

-turbulence crossing time

-gas accumulation time along magnetic field lines
-fractalized structure of clouds

Elmegreen (2002)
Kravtsov (2003)
Krumholz & McKee (2005)
Padoan (1995)

Silk (1997)

Shu (1987)

Tan (2000)

Tassis (2008)

Kennicutt, 1998 Tassis & Mouschovias (2004)
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Molecular Kennicutt-Schmidt SFR Laws
SFR ~ pgas '

L The fit line: L = 33L,
for Ly < 10" L,
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Gao & Solomon, 2004
Kennicutt, 1998
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SFR ~ p(dense) 1

= ~HCN (J=1-0)'

L R T T

[ for Lp<10™",

The fit line: Liy/Lycy=900 7 : LlR ~ CO (J=3-2)0-9Z

cm-

crit
n. ~ 1x10° cm-3 Yao et al. (2004)

Gao & Solomon, 2004 Narayanan et al. (2005)

Desika Narayanan = ALMA - Charlottesville Iono et al' (SmeItted)




Interpretation: A more fundamental’ SFR Relation?

SRSRES S G b b b ) RS B e T T

[ The fit line: Lj/Lyey=900
[ for Lg< 10"'L,

4 LIR ~ HCN (J=1-0) Luminosity
linearly even down to dense cloud
~ 5 '3
Nerit 1x 10° cm core scale

Gao & Solomon 2004 Wu et aI, 2005
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Interpretation: A more ‘fundamental’ SFR Relation?

L ~ HCN (J=1

-0)1

T

[ The fit line: Ly/Lyey=900
Ffor Ly~ 1nlly (@)

How do we connect Schmidt SFR laws on a
galaxy-wide scale which show SFR o p 1416
with molecular SFR relations which have
particular laws for both total gas and dense
molecular gas?

How do we relate observations of Galactic

o LIR ~ HCN (J=1-0) Luminosity
linearly even down to dense cloud
- 5 -3
Nerit 1x 10° cm core scale
Gao & Solomon 2004 Wu et al, 2005
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Chicken or Egg”?

 SFRis linearly dependent on dense gas
(N=1); Kennicutt-Schmidt relations are

consequent.
» SFR ~ Pdense

Gao & Solomon 2004; Wu et al. 2005; Narayanan et al. 2005; Tassis 2007

« KS index of N=1.5 is underlying; Observed

SFR-dense gas relations are consequent
» SFR ~ p!°

Krumholz & Thompson 2007, Narayanan et al. 2008
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GADGET SPH Simulations

Prescriptions for multi-phase
ISM (McKee-Ostriker), SF,

BH growth and associated
Feedback (though BH winds turned
off)

100 galaxies used:
20 disk Galaxies
80 merger snapshots

SF follows SFRa p 1

Assuming tgg ~ p/2

3 kpoh
——
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Non-LTE Radiative Transfer

3D Monte Carlo code developed based on improved Bernes (1979) algorithm
Considers full statistical equilibrium with collisional and radiative processes

Sub-grid algorithm considering mass spectrum GMCs as SIS (Blitz et al. 2006,
Rosolowsky 2007, Bolatto et al. 2008)

Mouq=10%-10% Mg, Uniform Galactic CO Abundance, 10 CO transitions, 10 million rays
per iteration

COJ=2-1 COJ=5-2

Included 100 galaxies:

20 isolated disks
80 mergers in various

stages of evolution

«ile Narayanan+ 2006,2008




Can we Recover the Basic Relations?
SFR-CO index SFR-HCN index

SFR—HCN index
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1 1 1
COl-0 CO2-1 CO3-2 CO04-3 CO5-4 CO6-5 CO7-6 HCN2-1 ~ HCN3-2 ~ HCN4-3 ~ HCN5—4
Transition Transition

SF follows SFR o p ' Narayanan et al. 2008
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Can we Recover the Basic Relations?

SFR-CO index SFR-HCN index

SFR ~ p 1 (assumed Schmidt Law) \
SFR~L,, “(observed) —
L

B
molecule ~ p

Then a=1.5/p -

So we need to understand how line luminosity varies
with gas density

Narayanan et al. 2008

n  ALMA - Charlottesville




SFR ~ p 1 (assumed Schmidt Law)
SFR~L
L

®(observed)

— " Then o=1.5/p
é e V200~

molecule

B
molecule ~ p

-

8000 [T e N aaaan A S
CO (J=1-0)

6000 - .

N clouds
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SFR ~ p 1 (assumed Schmidt Law)
SFR~L
L

®(observed)
7 Then a=1.5/p

molecule

B
molecule ~ p

N clouds
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SFR ~ p 1 (assumed Schmidt Law)
SFR~L
L

®(observed)
— " Then o=1.5/p

molecule

B
molecule ~ p

N clouds
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SFR ~ p 1 (assumed Schmidt Law)
SFR~L
L

®(observed)
— " Then o=1.5/p

molecule

B
molecule ~ p

N clouds

................

<n>>>n_; slope=1.5
Desika Narayanan = ALMA - Charlottesville <n> << ncrit SIOpe < 1.5
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Krumholz & Thompson Models for GMCs

" Intermediate (all lines)

HCO*(1-0)

108

HEN{1=0)

bsika Narayanan ~ ALMA - Charlottesville

109
won (K km s=! pc?)

Krumholz & Thompson 2007

<n>>>n_; slope=1.5
<n><<n

slope <1.5

crit




Two Models for Linear Molecular SFR “Laws”

« HCN, CO (J=3-2) probe dense, star-
forming cores, and SFR~Pyqnse

— SFR-L,,,, relations will be linear for all high n
tracers
Gao & Solomon 2004; Wu et al. 2005; DN et al. 2005

crit

ncrit << nthresh slope = 1-5
n o Ninresh SIOpe =1

crit

« SFR-L  relations dependent on
relationship between n_;; and <n>;

-observed SFR-L ., relations
will change with increasing n_;
Krumholz & Thompson 2007, DN et al. 2008 <n>>>n_, slope=1.5

<n><<n.; slope<1.5

cri
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Testable Predictions

* Lr-L, relation for other high critical

mol

density molecular Species/lines
(Predict rather than Post-dict!)

* High mean gas density limit - slopes
should tend toward the underlying
Schmidt index

<n>>>n_; slope=1.5
<n><<n.; slope<1.5
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Predicted Slopes for CO and HCN

<n> >>n_; slope=1.5
<n> << n slope <1.5

crit
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SFR—HCN index

] ] 1
COl-0 CO2-1 CO0O3—2 CO0O4-3 CO5+4 cCo06-5 cCcC
Transition

Narayanan et al. 2005, 2008 e e
Gao & SO|omon 2004 Transition

Linear SFR-Lmol relation expected

Desika Narayanan  ALMA - Charlottesvillefor hlgh nerit tracers if SFR~pde”59




HCN (J=3-2) Observational Survey

MRK273

TRAS23365€
IRAS 10565¢—
UGC0510 1~ VIIZW3
NGC3690 £

rctennet 8 NGC0695
0204 0608 1.0 12 L4 <«

S —
Slepe NGCl614

NGC2146

M82
NGC7331

&
NGC4414

log[L, /(K km s pc?)]

Bussmann, DN, Shirley, Wu,
Juneau, Vanden Bout, Solomon et al. (2008)
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HCN (J=3-2) Observational Survey

Gao & Solomon 2004 +
Combined Samples

This Work O

Gracia—Carpio et al. 2007 O

<
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HCNI1-0 HCN241 HCN3-2 HCN4-3 HCN5-4
Transiti

Linear SFR-Lmol relation expected
for high ncrit tracers if SFR~p,,..

Bussmann, DN, Shirley, Juneau, Wu,
Solomon, Vanden Bout et al.
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The relationship between the SFR-Lmol
s e a1 Galaxies

Gao & Solomon 2004 +
Combined Samples

This Work ©

Gracia—Carpio et al. 2007 O

"N index

SFR-H

J. Wu, Evans, Shirley et al. 2008 (in prep.)

1 ]
HCNI1-0 HCN2-1 HCN3-2 HCN4-3

)

Bussmann et al. 2008

<n>>>n.; slope=1.5 ' :

0 5 -2
log[L'm_zl(K km s pc )

<n><<n slope <1.5

crit
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General Conclusions & Directions for ALMA

SFR-dense gas relations naturally explained if underlying KS law
of N=1.5 controlls SFR

SFR-L,, index in galaxies and GMCs depedant on the average
relation between n_; and the <n>; SFR o/ Pgense

Gao & Solomon 2004 +
Combined Samples

This Work O

Gracia—Carpio et al. 2007 O

SFR-HCN index

<n>>>n_; slope=1.5
HCN2-1 HCN3-2 HCN4-3 HCN5-4
<n><<n slope <1.5

S )

crit
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General Conclusions & Directions for ALMA

« SFR-dense gas relations naturally explained if underlying KS law
of N=1.5 controlls SFR

« SFR-L, index in galaxies and GMCs depedant on the average
relation between n; and the <n>;  SFR £p,. .

<n>>>n,, slope =KS
<n> << n.; slope <KS

Desika Ny cur v




Testable Predictions

* Lr-L, relation for other high critical

mol

density molecular Species/lines
(Predict rather than Post-dict!)

* High mean gas density limit - slopes
should tend toward the underlying
Schmidt index

<n>>>n_; slope=1.5
<n><<n.; slope<1.5

Desika Narayanan = ALMA - Charlottesville




Observational Test: High Mean Density Limit

F The fit line: Lpr/Lycn=750

[ for 65 local galaxies

Normal

Intermediate 7 . 1 E

Starburst

V.o = 108 pc? (all lines)

r el s 1l R |
108 10¢ 101

L. (K km s-! pc?
hew ( pc?) Gao et al. 2007

108 109

When <n>~n_;;, =1

Then o=1.5/p ~ 1.5
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Observational Test: High Mean Density Limit

Desika Narayanan

ALMA - Charlottesville

High <n> - Lig-L
index should be similar
to underlying Schmidt
index

Global observations mean
lower <n> - Lp-L

index should be less than
underlying Schmidt

index




Observational Test: High Mean Density Limit

Desika Narayanan
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Linear L g-CO (J=3-2) relation
Found in global observations

Of local galaxies
(Narayanan et al. 2005)
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Observational Test: High Mean Density Limit

Narayanan, Cox & Hernquist (2008)

<n>>>n_; slope=1.5
<n><<n.; slope<1.5
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GADGET SPH Simulations

Prescriptions for multi-phase

ISM (McKee-Ostriker), SF,

BH growth and associated
Feedback (though BH winds turned
(o]]

100 galaxies used:
20 disk Galaxies
80 merger snapshots

SF follows SFRa p 1

Assuming tgg ~ p/2
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Caveats: What about L z-L ., relation in
dense GMC cores?

Two potential resolutions:

1. The dense cores observed

have <p> << ncrit

2. SFR follows a broken

powerlaw:

SFR ~ P 13 < P> << Nyyresh
SFR~p1 <p> >>n
LIR a HCN (\J=1'O) p p thresh

Wu et al. 2005
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Krumholz & Thompson models for GMCs

Intermediate (all lines)
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Detailed understanding of an individual galaxy

T=1.13 h™*Gyr

T
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Relation Between Line Luminosity and Gas Density : CO (J=1-0)

log,(LTE/Actual Pop Levels)

CO (J=1-0) is thermalized in most
gas cells, resulting in a linear
relationship between increasing
gas density and CO (J=1-0) flux.

SFR ~ L¢o (y=1.0) *

Lco (=10~ P p=1

Then a=1.5/p =1.5

10" 10" 10°
Mean Cloud Density (cm™)
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Relation Between Line Luminosity and Gas Density : CO (J=1-0)

log,(LTE/Actual Pop Levels)

=10

aaaaal hdedoaaasal " bk iaaxal

10° 10’ 0N

Mean Cloud Density (cm

Desika Narayanan

-
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ALMA - Charlottesville

CO (J=1-0) is thermalized in most
gas cells, resulting in a linear
relationship between increasing
gas density and CO (J=1-0) flux.




Relation Between Line Luminosity and Gas Density : CO (J=3-2)

log,(LTE/Actual Pop Levels)

-3 10°

-Emission from subthermally
excited cells is characteristically
higher than collisions in the
diffuse gas would normally
account for.

-Emission from this gas along
the LOS results in superlinear
relation between increasing
gas density and CO (J=3-2)
flux.

s
‘I "L

I ;
ﬁhcruml Extitation

Mean Cldud Densify (cm™) Lco W=32)~ P B

lo—li

10" SFR ~ Lo (y=32) *

~1.5
Then o=1.5/p ~ 1
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Schmidt Law at High-z?

LOS SFR
1 y ol

— }
Ol.
—
%)

SFR—CO index

1 | 1 1 1 1 |
COl-0 CO2-1 CO3-2 CO0O4-3 CO5-4 CO0O6-5 CO7-6
Transition




GADGET SPH Simulations

T =039 Gyr T=050

Prescriptions for multi-phase

ISM (McKee-Ostriker), SF,

BH growth and associated
Feedback (though BH winds turned

(o]]

100 galaxies used:
20 disk Galaxies
80 merger snapshots

SF follows SFRa p 1

Assuming the free-fall time argument
for SFR ~p1° holds
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Relative Light to Density Ratio

10F

Mean Density (cm™ ) along LOS

N

0N Between | ine and (33
CO (J=1-0)
x CO (J=3-2)
y
*
aaaal sl i1 aaal oK !‘. L i
10 10° 10* 10°

ALMA - Charlottesville

Density : CO (J=3-2)

Emission from subthermally
pxcited cells is characteristically
igher than collisions in the
liffuse gas would normally
account for.

Emission from this gas along
he LOS results in superlinear

elation between increasing
jas density and CO (J=3-2)
lux.

BFR ~ L¢o (y=32) ©

coJ=32)~ P P

~1.5
Then o=1.5/p ~ 1



Caveats: What about L z-L ., relation in
dense GMC cores?

I | | | |
4 6

log n, {40 K) (cm™3)

Shirley et al. 2008

Wu et al. 2005
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SFR ~ p 1 (assumed Schmidt Law)
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Observational Test: High Mean Density Limit

log (LTE/Actual Pop Levels)

F The fit line: Lpr/Lycn=750

[ for 65 local galaxies

Thermally Populated

10+

oo,
e o
ﬁhcruul Excitation

10" 10° 10° 10* ]
Mean Cloud Density (cm™) Gao et al. 2007

lo—li

asal

108 109

Mostly thermalized gas means p~1
SFR ~ Lco (y=32) ¢

Lco W=32)~ P i

Mostly thermalized gas means p~1

Then o=1.5/g ~ 1.5
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Krumholz & Thompson Models for GMCs

T

Intermediate (all lines)

T

CO (J=1-0)

10° 101 10t
Leo (K km s-! pc?)

Desika Narayanan

ALMA - Charlottesville
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The relationship between the SFR-Lmol

relation in GMCs and Galaxies Narayanan et al. 2008

masa T

[ The fit line: Ly/Lycy=900
[ for L<10"L,

._.
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3 4 5
log,, <n>

LlR (LG )

(K km s™! pc?) SFR ~ p1.5

Gao & Solomon 2004 +

This Work O
Gracia—Carpio et al. 2007 O

Gao et al. 2004 :
L Combined Samples

Krumholz et al. 2008

Intermediate (all lines)

Wu et al. 2005

HCNI1-0 HCN2-1 HCN3-2 HCN4-3 HCN5-4

Bussmann et al. 2008

<n>>>n_; slope=1.5

<n><<n.; slope<1.5
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SFR ~ p 1 (assumed Schmidt Law)
SFR~L
L

molecule * (Observed)

B
molecule ~ p

Then a=1.5/8

4000 F T [rrrrrrrrt [rrrrrrroes [rrrrrrros [rrrrrrrors TrrorrrT]
- Increasing density will increase the gas -

lnrh[ mass, AND move the distribution to the

right, Increasing the fraction of thermalize

gas for HCN, thus causing L.y to
increase superlinearly with
Lltincreasing <n>

Desika Narayanan = ALMA - Charlottesville

Narayanan et al. 2008



