Scalein kpc

2%

2=3.95

5.00

Robert Feldmann
Feldmann+|la, AP 732, 115

arXiv:1010.1539 Fermi National Accelerator Laboratory
Feldmann+I Ib, AP} submitted

Feldmann+1 lc, in prep

Kavli Institute
for Cosmological Physics
at The University of Chicago

2s Fermilab

ctober 201 |



Outline

% Star formation in simulations and the role of H»

% Empirical star formation scaling relations

% The role of the CO/H, conversion factor

The surface densities of molecular clouds

Implications for star formation relations




Outline Vs

% Star formation in simulations and the role of H;

% Empirical star formation scaling relations

% The role of the CO/H, conversion factor

The surface densities of molecular clouds

Implications for star formation relations




How to make stars (in simulations)?

Ansatz:
“Schmidt law”

Motivation:

empirical “Kennicutt-Schmidt” relation

SFR surface density & gas surface density

Y X Ugpg  n~ 14



Different models - Different fuel efficiencies

e.g., 0 T free-fall time ~ pg—a()sﬁ

€ constant

e 6/7- constant ~ | Gyr!

o pressure based efficiency

plus additional star formation “criteria”



Stars form from molecular gas
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NGC 4214

NGC 3983
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NGC 2976

NGC 2847

NGC 925

NGC 4736

NGC 5055

NCC 628

NGC 7331

NGC 3798

MIPS 24 pm:
T'he Spitzer
Infrared Nearby
Galaxres Survey

from http://www.m

SINGS

(Kennicutt+ 03)

ia.de/~leroy/Site/Talks.html
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NGC 4214 NGC 2976 . NGC 925

NGC 4736

NGC 2847 o+ NGC 5055 NGC 7337

HERACLES: = ERAC LES

The HERA

Extragalactic
CO—Line Survey (Leroy+ 08)

from http://www.mpia.de/~leroy/Site/Talks.html
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The HI
Nearby Calazy (Walter+ 08)

Survey

from http://www.mpia.de/~leroy/Site/Talks.html
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In simulations we should form stars based on H»
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Schmidt law

» Need to estimate ng



Primer - H; chemistr
H> formation /

e catalyzed by dust grains

e gas phase channel exists, but unimportant
except in metal/dust free gas (Pop lll)

* is slow:e.g.,~ Myr (at solar Z, depends on nn)

H> destruction

 photo-dissociated by UV radiation in the
Lyman-Werner bands ~ 912 - 1 |00 Angstrom

e jsfast ~ 1000 yr (at MWV UV field)

in steady state:

n
= 1.8 x107° ( ) —
Jh: . 30 cm—3 (3 X 10=17cm3 =1



Primer - Ha chemistry

without shielding of UV radiation only trace amounts of H in the ISM

\

need shielding of UV
* H; self-shielding

* dust shielding

observations: HIl dominated I H> dominated




Primer - Ha chemistry

1 1|Self-shielding is very gradual
By itself it can not do the job

observations: HIl dominated I H> dominated




Primer - Ha chemistry

| Dust shielding
IS exponential:

observations: HIl dominated I H> dominated




Primer - Ha chemistry

1 1| Self-shielding
picks up after
dust when

sz ~10~

observations: HIl dominated I H> dominated




ART*

« :
o N-bOCI)’ + AMR h)’d ro code Adaptive Refinement Tree (Kravtsov+ 97,02)

------
.......

AMR:

* whole space part of a mesh
* selective refinement of the mesh in regions ..

of “interest”, e.g., regions of high density

* non-equilibrium cooling & ionization
e non LTE chemical network
e radiative transfer in the LWV bands

-------
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(OTVET)
e subgrid modeling of SF based on H;
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The chemistry in ART

_’/.ZHIFHI — Cgneny; + Rgunenyn,
—Ty, = —Ryunengy + ng Ly + Cyinenyg,

o non_eqUiIibrium netwo rl( Of : —NHeil Her — CHe1MeNHer + (DHen + RHen)eNHe 5

_nHeIIFHeII — (DHeH + RHeH)nenHeH — CHeuMeNHen + nHeIFHeI + CHeMeNHe1 + Rue mMeMHe s

various H and He SPeCieS — __RHeIII{/lenHeIII + NHenl Hen + CHeuMleMHe
Iy- =1y = 0.

P I H f . d I'anpg- + I'gnps + 2gny, + 2l Lwny, — kineny, — kong-nyy — kangunu, — kany: Ny,
I n C . 2 O rm atl O n O n U St — kogNHenH1 — 2k30”13{1 — 2k31nIz{InH2 — 2k32n%IInHeI + 2ksnyuny- + 2keneny; + k7ny,nun
. + 2k8nenH2 + 2k9nHInH2 + 2k10nH2nH2 + 2k11nHeInH2 + k14nenH— + k15nHInH— + kzlnH;l’lH—
gra| ns . + 3koony-np; + koznenn, + koalgeny, + k27nueMun + k2gNHe nH- + k29N He 1111~
= FBnH; + 2FCVZH; — ksnuiman — ksiu-nuu — k7np,nau — kiena-"an — K27MHe MHT + k4nH;nH1
+ koanye ulH, + ko6 M He 1,

= —kynyunge: — koohy-npe; + k24nHeIInH2 + k25nHeIInH2 + koeNHe nH1 + k28N He n1H-,
= _k24nH2nHeH — k25nH2nHeH — koeNHNHen — k28MH-NHen + k27N H N He 1 + K20 H-NHe 1,

* two adjustable parameters o 6

—I'pnp, — I'gnp, — Iownpl— kvng,ngn — ksnenn, — konging, — kiony,ny, — k117He 171,

that account for limited spatial Tt — Forentii, — Kastrientts, + Kati-nias + Kynugni, + kanmgni -+ ksond,

2 2
+k3ing nu, + k3ong RHer,

I‘GSO' Uti O n =~ 5 O C . 2 —I'gny; — I'cnpy + I'pny, — kanpinug — kenenus — koing-np; — koong-nus + kangyg
P g . +kyny,npu + kienunnu- + kosnp, Npen.

—Dang- — konging- — ksnuunu- — kiyneny- — kisnging- — Kignyuna- — koinpgnp- —

* clumping factor . — loonyggny = lognyeuti = ooniie i +Kineni, + kasnni,,
* coherence length (for shielding) Do = 2D

DHII — DHGI — Z.)Hen — TDHGIII — 2.)H— — DH;“ — Oa

If you can read this, you have good eyes!




The best - it actually works!
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Kennicutt-Schmidt relation

- M31 (Kennicutt et ol, 07) — Apertures

® M51 (Schyster et ol. 07), NGC4736 & NGCIOSS (Wong & Blitz 02\
NUC6946 (Crosthwoite & Turner 07) ~ Rodwl Profiles

& Non-storburst Spirols (Kennicutt 98) -~ Cloto!
A Storburst Goloxies (Kennicutt 98) « Globo!
¢ LSB goloxies (Wyder et ol, in prep.) -~ Global

e “threshold” ~ 10 Mgy, pc2
*slope n~1.4
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O [T e Kennicutt-Schmidt relation
log 2.sFr " ‘ :

FUV+24pum ¢ “threshold” ~ |0 Msun Pc-z
- *slope n~1|.4

e there exists a molecular

version:
* slope n~|
e ~const depletion time |-2 Gyr

SF extents into
HIl dominated region

0.0 05 1.0 1.5 2.0 2.5
log I, [Me pc”]

log 2.1



2 SFR

Threshold in KS relation consequence of HI - H; transition
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® M51 (Schyster et al. 07), NGC4736 & NGCS055 (Wong & Biitz 02)
NGC6946 (Crosthwoite & Turner 07) ~ Rodiol Profiles A

& Non-storburst Spirals (Kennicutt 98) ~ Glote
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¢ LSB goloxies (Wyder et ol, in prep.) - Global
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Threshold in KS relation consequence of HI - H; transition

Gnedin & Kravtsov | |
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What about the molecular version of the KS relation?



What about the molecular version of the KS relation?
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What about the molecular version of the KS relation?

Is 2.9FRr — 2211, universal ?

What is causing its scatter !



Is 2.sFR — 211, universal?

1A 4(0.02)*(|x-1 .06)-1 .79')(0.01') — 141 (0-08)*(|x-1 -0(5)-1 -65'3(0-05|)

=1 UV=0| Z=0. UV=100

1.5 2 25 2’3 3.5 4 . 1.5 2 25 2”: 3.5 4
IC)9102H2[Msun/pc ] |09102H2[Msun/pC ]

change in slope & intercept with Z, UV!




|
— 1.14

(0.02)*(x-1.0|

Is 2.sFR — 211, universal?

1.5

change in

y = 1.107 +0.028 x4 -0.097 X, -0.047 x4 X,
R = 0.94

.00)-1.63(

0.

|
0.05)

slope & intercept with Z, UV!

2.5

3.5




Is 2.sFR — 211, universal?

Z=0.1 UV=100.0

0 05 1 15 2 25 0 05 1 15 2 25
0910 Zpip [ Mgyn / PC° ] 0910 Ty [ Mgyn / PC° ]

echanging density pdf with Z, UV (intercept)
due to echanging density pdf with large scale surface density (slope)
*non-linear Schmidt law



What is causing its scatter !

Due to width of density pdf & non-
linear Schmidt law?

avg. SFR
non linear SF

~| inst. SFR
* Due to the way SFR are measured! | on inear inear 51
=> time averaging
* Due to the way H; masses are measured! " scale [po]

=> conversion factor
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The CO/H; conversion (“X”) factor
H>
* l[owest excited levels in the rotational ladder ~ few 100 K
* in the electronic ground state no electric dipole moment

=> impossible to detect in emission at conditions
typical of molecular cloud (~10 K)

* measure emission from tracer molecules instead
* CO - 2nd most abundant molecule (after H>)
e | will discuss only |=1-0 transition of '2C'6O

X-factor

e CO integrated intensity => H2 column density
® CO luminosity => H2 mass

introduces major observational uncertainty




Modeling the X-factor

complicated problem:

*need to know CO & H; abundance
=> chemical network required
* CO line is rarely optically thin
=> optical depth effects need to be considered
* CO emission depends on gas temperature & velocity dispersion
=> need some estimates for them
e the ISM is highly turbulent, complicated density structure and is not
in steady state
e cannot resolve relevant scales (sub-pc) in a cosmological simulation

=) all approaches rely on approximations



Approaches for modeling the X-factor

simplified geometry / small scale ISM
steady state simulations

72]
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SHOCK WAVE

main drawback: main drawback:
simplistic treatment of the ISM rather expensive



Our approach for modeling the X-factor
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ISM Simulations

magneto-hydrodynamical, driven turbulence
simulations (ZEUS) of a 20 pc box

Glover, Federrath, Mac Low, Klessen 2009
Glover, Mac Low, 2010
provide ®CO abundance as function of Z & N

&
* only for UV=|

Z=0.1 solar
NH = 1000 Hcc

othermal,
echemical and,
edynamical evolution

follow
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but *no self-gravity
eno star formation or
feedback

Time (Myr)



Model predictions

_2]

PC

sun

MW
1 100

ZIZ

sun

31.3.1.03

* metallicity dependence strong

* UV dependence only secondary role

* increase of Xco for low and high N2

* for cells of ~60 pc (~GMC size)
consistent with observations of
MW GMCs

e under MWV conditions:
Xco~2%XI100K-"em 2 km-'s
for wide range of H; column
densities



A fitting formula

U
MW MW

0.1 1 100 0.1 1100

7/7 ZIZ

sun sun

31.3.1 | _ 31.3.1

o virial Av -~ I S virial Av
— approximation = approximation

21 21.5 22 02555 %3 . 0 1
log, 0 N Z/ZSUI )T [em 7] log 10 WCO (Z/ZSu

041K km s~ ]

H2( n n




Inferred H> column densities from CO observations

2 % 102%cm 2K 'km s

actual
-- virial Av = N, Xcomw/Xco

"> const. Av -




“Forbidden” region in the molecular KS relation!?

Genzel et al.2010




Closing Remark: Bimodality in SF ?

Genzel et al. 2010

_____ e two distinct relations?

_____ y=1.17*x -2.44 (0.12) ----- y=+1.27 (0.075)*x - 3.63 (0.21), stdev: 0.32

o SFGs | (Genzel, Tacconi)

* just a short phase during mergers
2o (Teyssier, Bournaud)

e gy e excitation effect of 3-2 CO, while
in truth a 1.5 slope (Narayanan)

a=1 merger
a=3.2 SFG

Note:
any Xco(NH2) will collapse the
bi-modality
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-1 -2
Iog ( Zstar form (Msunyr kpC ) )

Another possibility:

linear SF relation & CO emission
driven by SFR at fixed H; surface
density



Closing Remark: Bimodality in SF ?

Wco = aXisFr|sy,

Ysrr = @ ' XH, /Xco

ZOH]ZS = Yy, Xa/Xco = MsrraXa

SFR > SFRexpected,WCO > WCO,expected,
thus X < Xg, 2H2°%%> 21

Maybe we know less about the KS relation than we think!



Summary

non-linear Hy-based Schmidt law

=> slope & intercept of molecular KS relation
depend on £, UV

large scatter in molecular KS relation due to

time averaging property of SF tracer
(& Xco effects)

Xco effects can narrow the observed
surface density range of molecular clouds

Xco dependence on Z & surface density may explain
slight super-linearity of molecular KS relation




