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Star Formation

Stars form in
galaxies from dust
S & gas,

\ understanding
what governs this

et is integral to

understanding

g~ galaxy evolution.

Hubble Archive (http://hubblesite.org/),

Goldsmith et. al 2008
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http://hubblesite.org/

Kennicutt-Schmidt Relation

M51 (Kennicutt et al. 2007) — Apertures

® M51 (Schuster et al. 2007), NGC 4736 and NGC 5055 (Wong & Blitz 2002), and
NGC 6946 (Crosthwaite & Turner 2007) — Radial profiles

+ Non-starburst spirals (Kennicutt 1998b) - Global

Starburst galaxies (Kennicutt 1998b) - Global

O bse rvati O n a | re | ati O n ¢ LSB galaxies (Wyder et al. 2009) - Global
between surface density
of gas and star formation

Star formation is slow,
50x slower than the
free fall time of the gas

Bigiel et al. 2008 =
Kennicutt & Evans 2012 log [Z; , 4, (Mg pc?)]




Feedback!

Radiatioh Pressure, Stellar winds,

phot0|omzat|on and photoelectric
heatmg and supernovae
-kh-oc_:k-d_oWn star formation
efficiehcy globally

Hubble Archive (http://hubblesite.org/)
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http://hubblesite.org/

Where we come in: Simulations
FIRE: Feedback In Realistic Environments

2=0-50 GIZMO/Gadget 2 SPH Code
Includes all the feedback we

. Locally 100%
g Efficient §f§Po|ogicaI, 107-10" Mo

halos

Format%@ resolution ~102-10% Mg

Multiphase ISM —>
Consequential Feedback Physics

need!

Collaboration Site: http://fire.northwestern.edu/ See Hopkins et a|. 201 4 M. Orr


http://fire.northwestern.edu/

Star Formation on FIRE

Rules for star formation in gas:

Gas is dense, ngit (~100 cm3). Dense Gas

Predominantly molecular
in nature, i.e. fy, > 1/2.

s locally gravitationally bound

Then: where: €. = 1
— t
Px sf,Omol/ ff locally 100%

efficient star formation

Collaboration Site: http://fire.northwestern.edu/ M Orr


http://fire.northwestern.edu/

What do we expect from
Feedback?

Low Gas Surface Density: FThermal Support]

Heating —_ Cooling nicutt 1998b) - Global

al. 2009) - Global

(See Faucher-Giguere et al. 2013,
Ostriker & Shetty 2011)

ngh CER Surface Density: Turbulent Support

Momentum from SNe = Turbulent D|SS|pat|on in ISM

B .,

(See Hayward & Hopkins 2015,
Ostriker et al. 2010)

log [Zy; ., (Mg Pc?)]



- Back to KS: Galaxy Maps

F o . o Face-on projection
; . :
- x .
Halos from: - e L e g

Hopkins et al. 2014, ~ (NotFIRE.NCG 1232) -

Chan et al. 2015, L o '

Feldmann et al. 2016 | | | M. Orr



Back to KS: Galaxy Maps

»

Pixel sizes 100 pa -

jlous quantaties
I_SFRI Qdyn
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Kennic:utt—Schmidt s there!

Neutral Hydrogen Cold & Dense Gas
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Gas Inst. SFR

For just about every tracer, Kennicutt-Schmidt is there!

Observations from Kennicutt (1998), Kennicutt, Jr. et al. (2007), Bigiel et al. (2008), Bothwell et al. (2010), Boquien et al. (2011), M O
Daddi et al. (2010), Verley et al. (2010), and Lisenfeld et al. (2011), Genzel et al. (2010), Onodera et al. (2010), and Shi et al. (2011). rr




Elmegreen-Silk too!

Cold & Dense Gas
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Gas Inst. SFR

0 1
log(3gasf2 [Mg kpc™? yr1))

Effective efficiency is less than ~10%

Observations from Kennicutt (1998), Daddi et al. (2010), Kennicutt, Jr. et al. (2007) & Genzel et al. (2010) M . O rr




Pixel Size Dependence

[ 1 Observations

Cold & Dense Gas (T < 300 Kn>10)
("Molecular” Gas)

10 Myr averaged SFR

Observations from Kennicutt 1998 Kennicutt, Jr. et al. 2007 Bigiel et al. 2008 Genzel et al. 2010 Bothwell et al. 2010
Onodera etal. 2010 Verley etal. 2010 Shapiro etal. 2010 Wei etal. 2010 Daddietal. 2010 Shietal. 2011 Lisenfeld etal. 2011 M Orr
Boquien et al. 2011 Tacconi etal. 2013 Freundlich etal. 2013 .



Redshift Independent &
Metallicity Dependent

/o

Cléer to SNe Feedback’s
/ dependence ~3/14 | HTF
(Cioffe 1988)

> 0< 2 <0.1
B 0.1<Z2'<05
e 05h<Z <2
*  2< 7

Weak ~1/4 slope Z dependence.
No apparent z dependence.
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So what FIREs up star
formation?



Star Formation: Order of
Operations

Self-shielding

before fragmentation
Dense
Gas

?

Fragmentation

before self-shielding



How Does It Relate to Galaxies?

M. Orr



How Does It Relate to Galaxies?
Self-shielded,

Toomre-Unstable,
| &star forming.
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How Does It Relate to Galaxies?
Self-shielded,

Toomre-Unstable,
| &star forming.

\th Self-shielded,
Toomre-stable,

& not star forming.
M. Orr



How Does It Relate to Galaxies?

Shielded
Unshielded

|
Unstable!Stable




Which Radius First?

Shielding First

log(zgaszgas/zca Mg pc™




Which Radlus First?

Inside this radius,
gas is on-average
Toomre-unstable

log(zgasZgas/ZQ [MQ pc

Inside this radius,
gas Is on-average

self-shielded

Shielding First




Fragmentation First?

Inside this radius,
gas IS on-average
Toomre-unstable -

log(zgaSZgas/Z@ [M@ pc

Inside this radius,
gas Is on-average

self-shielded

|
Fragment:ation First

|
0




-ragmentation First

Unstable | Stable

Q is a measure of

stability against
fragmentation

Q < 1 is unstable

log(Xgas Zgas/Zo [Me pc™

[ Star-forming Ahnuli

E oas Z / Z © I Non-star-formihg Annuli
proportional to opacity

1Og Qno shield
~ V2¢,(T = 10*K) Qqym

no shield —

TG X disk M. Orr



-ragmentation First

Unstable | Stable

Q is a measure of \
stability against [ il T - e
fragmentation i

Recent MaNGA Study Corroborates!
D. Stark, K. Bundy, M. Orr et al. (in prep)

Q < 1 is unstable

YigasZ ) Lo

proportional to opacity 0
1Og Qno shield

V2, (T = 10°K)Qqyn
no shield — ﬂ_GZdiSk M. Orr




Conclusions

* Kennicutt-Schmidt emerges as a time and spatially
averaged equilibrium between star formation and
feedback processes in the FIRE simulations.

* Weak metallicity dependence.

» Star formation is triggered by gas fragmenting and
then subsequently becoming selt-shielding, rather

than vice versa. THAN KS FOR
LISTENING o



