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Galactic Ecology: Star Formation & the Interstellar Medium
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Conclusions
Self-Regulation in Star Formation

What stops accretion & determines the IMF?

Feedback + N-body dynamics
The “Feedback Ladder”

Progression of ever stronger feedback impacts

Protostar Outflows =>
FUV/heating =>
EUV/ionization =>
Stellar winds =>
Radiation pressure =>
M.S. dynamic interactions / mergers =>
Post-M.S. outflows =>
SNe

Feedback failure => High SFE & bound clusters?




The Feedback Ladder

cnergy & Mormenturn injection is multi-scale !

< ~3 M, & earliest phases of massive stars
E=104"4erg M~ 0.01-100M, N~ 105
V~10-103km/s t ~ 0.1 Myr

- FUV (non-ionizing) ~ 2 M, <M < 10 M, N~108
Ny ~ 104> - 1050 s PDRs C,~3 km/s t> 1-100 Myr

- lonizing EUV > 10 M, 3 <t <40 Myr N~10°
Ny ~104 - 10°0 s HIl regions + FUV C, ~10 km/s

- Stellar winds
dM/dt ~ 108 - 10->M, yr! bubbles V,, ~ 103 km/s

- Radiation Pressure
L~ 1036L, Py~Lt/4ncR?

- Symbiotics & post Main Sequence
dM/dt ~ 106 -103M, yr' @ V,, ~ 10"-3km s' + Explosions

- Supernovae
E~105"ergs M~1M, V~10%km/s N~10-2 yr




Feedback regulated cluster formation
(Matzner & Jumper 2015 ApJ; Nakamura, F. & Li 2007 - 2014)
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HH 46/47 Spitzer
(Noriega-Crespo+ 04)
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HH 46/47

Vpy ~ 300 km/s

HST 1994




HH 46/47

Vpy ~ 300 km/s

HST 1997
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HH 46/47 63 um [OI]: Herschel / PACS

Outflows: [OI], High-J CO, hot H,0 ....



HH 46/47 Ho.
CO confined to <10% of Size & Velocity !

HH47SW
(Stanke, McCaugrean, & Zifnecker 1999) 4
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STAR WARS




N-Body dynamics: > 6 YSOs + jets







Giant outflows in Orion:
HH 34, HH 222,

£ HH 87/88
j-,a.
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Visual & Near -IR: Only samples low A,
Need SOFIA for high A, SOFIA
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L1531
d~160pc M~ 160M,




L1551
d~160pc M~ 160M,




Cepheus A J, H,




A precessing jet: P~2x 103 yr ?
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240’ =29 pc

Giant Qutflows

-HH131: End of > 17 pc long !

Orion Nebula
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HH 131

Outflow lobe from L1641N ?
(Ogura 1991; Wang+ 2005)




Outflows

’

Ha [SI]

*Spitzer/IRAC




Orion Nebula: HST(Ha) + 2.12 um




Orion Nebula: Ha Fabry-Perot




The Orion Explosion
E~104%erg
Adaptive Optics

Image in the near
infrared
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Devin Silvia 3D ENZO MHD simulations

.

[Fe II]

Dense Bullet
running into
low-density
Medium:

103 initial density
contrast
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North-South Cut

Constant dV/dr! => No deceleration !
n ~ 100 linear ejecta streams with V = C, R

P >> Pambient p> 108 cm?
N ~103 clumps with M,,,,~1028 - 1030 grams ?




I Case l:ny=n
e — 5 Shock

the “Shock Sandwich” 1Ry
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B This work
m Class 0/
X FU Ori objects
A HAeBe stars
O T Tauri stars
Continuum stars HH 1043

{ Brown dwarfs *l

typical error

Low-Mass
Outflows

Ellerbroek+2015
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Protostellar Qutflow Feedback:

Low=J CO, high-J CO, H,0, H,, ...

Cavity wall

Forward
shock

Internal working Terminal working
surfaces surface
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SPIRITS 14 ajc-in M83.

.COGT "1-m r” '_baf]d |

SPitzer InfraRed Intensive Transients Survey
SPIRITS PI: Mansi Kasliwal (Carnegie / Caltech) |
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SPIRITS

Archival HST image SPIRITS 4.5 um / HST TOO
(Howard Bond)
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M83 SPIRITS 14ajc

A pure near-IR (K-band) molecular hydrogen Emission line

Spectrum

Rest A Transition Rel. Intensity

1.9576 0.64
2.0338 0.26
2.0735 0.20
2.1218 1.00
2.2235 0.28

L(H,) ~102-104L,!
From R < 10 pc region

(for F[H, S(1)] ~1018 - 1016
erg s’ cm2)
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Soft-UV
Heating:

Intermediate
Mass Stars
( 2 = 9 Mo)

NGC 2023 in
Orion
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A wind-bubble
blownbya
massive star




lonizing-UV (A < 912A) Feedback: W5 Hil region




Post-Main-sequence Feedback: Ot (Cormadi 2014)
WR stars, LBVs, RSGs, ~in Sh2-129
Close-binaries & mergers __=t, |

V838 Mon

May 20, 2002 : ‘ September 2, 2002

n-Carina
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Orion / Eridanus superbubble: Hao.
Pon, Johnstone, Bally, & Heiles 2014
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Orion (Planck)
Dust 545 GHz




Orion Molecular
Clouds

13CO (2.6 mm)




N (pe)

Orion
Distances:

VLBA
radio parallax

| NGC 2068 =
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2.6 mm 13CO







CARMAOrion '2CO (Carpenter+ 2016; Suri+ 2016)




CARMAOrion 2COQ (Carpenter+ 2016; Suri+ 2016)




CARMAOrion 2CO (Carpenter+ 2016; Suri+ 2016)




CARMAOrion 2CO (Carpenter+ 2016; Suri+ 2016)




Galactic Center 8 um 24 um

Asymmetries caused by Feedback ?

Wray 17-96

" Foreground HIl

Galactic Center Bubvble

« ™% (Arches & Quintuplet)

4 Degrees (600 pc)




VeiIIeL(R)e't al 2005: Spitzer




Fermi/LAT Bubble y-ray (~1 -5 GeV) bubble z ~ 5 - 6 kpc




Hot Coronal Gas

Low lonization e.g. Mg Il
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Conclusions: |
Self-Regulation in Star Formation

What stops accretion & determines the IMF?

Feedback + N-body dynamics
The “Feedback Ladder”

Progression of ever stronger feedback impacts

Protostar Outflows =>
FUV/heating =>
EUV/ionization =>
Stellar winds =>
Radiation pressure =>
M.S. dynamic interactions / mergers =>
Post-M.S. outflows =>
SNe

Feedback failure => High SFE & bound clusters?




Conclusions: |l
SOFIA

- [OIL[ClI], [Oll], [NI], high-J CO, hot H,O at
high Ay

Inner parts of nearby Class O/l YSOs
MYSOs in Galactic plane & CMZ
Star-burst galaxies

- High-ionization O, C, N, Si, at high A,

Wind bubbles, SNR, Starburst,
Base of galactic superwinds ...










