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Gas in thermal (radiative) & pressure equilibrium can exist in 2 stable
phases: Warm Neutral Medium and Cold Neutral medium. The presence

of a Hot Phase betrays the importance of kinetic energy input. T
ield et al, ,ApJ, 155,L149

McCray & Snow, 1979,ARAA, 17,213
Wolfire et al, 1995,Ap), 443, 152
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C.-G. Kim & E.C. Ostriker 2013, ApJ, 776, 1

The cooling curve (Cll versus Ol/Lya) sets the presence of phases
Radiative heating & mechanical energy input sets the pressure
Mechanical energy input sets the distributions over the phases



Key Questions in ISM Evolution

Radiative & kinematic interaction of massive stars with
their environment drives the evolution of the Interstellar
Medium and the evolution of galaxies

- What are the relative roles of ionization, radiation
and mechanical feedback ?

- How do molecular clouds assemble and dissolve

and how does this relate to star formation and
nearby massive stars ?

+ How did this vary over the history of the Universe ?



C+SQUAD: Orion [CIl] SOFIA Large
Program
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See Cornelia Pabst’s tall

Three bubbles:

* Orion Veil contains 1500

Msun, expands at |3 km/s

and is driven by stellar
wind




The SOFIA Legacy Program FEEDBACK

Science goal: How do massive stars regulate star formation ?

urvey of || regions of massive star formation in the [Cll] 1.9 THz line
using upGREAT on SOFIA.The sample spans a wide range in star
formation characteristics and physical conditions




oals & Objectives

Survey a broad sample of regions of massive star formation in the [CIl] 1.9 THz line to
measure the dynamic and radiative response of interstellar gas to massive stars

» Quantify the processes of feedback in the local Universe
» Quantify the dissolution of molecular clouds

» Quantify the kinetic & turbulent energy input into the ISM
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RCW 49

iwari’s talk

see Maitraiyee

T

RCW 36

see Lars Bonne’s talkj
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see Ramsey
Karim’s talk

see Beuther+
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Mechanical Feedback

Bottom line: All show (multiple) rapidly
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Spitzer 8.micron «

* | 2pc bubble expanding
at ~15 km/s

UC HIl region with
small expanding Cll bubble,
but bubble is filled with CIl|

emission

»+ powered by 12 O stars

- ~ | Myr old
P-V diagram Lo
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UC HIl region with
small expanding Cll bubble,
but bubble is filled with CIl|

emission

Spitzer 8 micron :
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Large expanding CO shell with
blue and red part, expanding
more slowly than [CII]

o PN

* |2pc bubble expanding
at ~15 km/s

»+ powered by 12 O stars

- ~ | Myr old
P-V diagram L
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RCW 120

» Rapidly expanding bubble (15 km/s)

* Driven by the stellar wind

. ~150,000 yr old










RCW 120 Simulation
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Mackey et al, 2015,A&A, 573,Al0



“like a hell-broth boil and bubble”

Component NGC 1977 M43 = RCW 36 | RCW [20 M42 (Veil) RCW 49
Spectral Type AT LA et o VT T el
Niyc | 047 s | 1.5 6 38 /70 3,900
Lwind L® 0.02 0.02 350 80 210 2,500
neutral mass M[O 700 / 1000 500 1500 24,000
ionized mass N[O |6 0.3 20 26 24 470
v neutral km/s 1.5 6 bipolar |5 | 3 | 3
Evin, neutral | 046 erg 2 0.3 22 120 250 4000
Ethermal, ionized | 1046 erg 5 0.7 3.5 5 3 95
Ethermal, plasma | 1046 erg — - | 3 |7 10 280
LFir 104 L® 1.5 1.6 | 3 9.1 3.2 1200
Lci 104 L® 0014 0.004 0.03 0.07 0017 0.009
age Myr 0.4 0.02 0.7 0.15 0.2 pi
Expansion Spitzer  Spitzer stellar wind stellar wind stellar wind | stellar wind

Pabst+, 2019, Nature, 565, 618; 2020, A&A, 639, 2: Luisi+, 2021, Sci Adv, 7,951 |; Tiwari+,2021,Ap), 914, | | 7; Bonne+, 2022, in press




Feedback Energetics

RCW 120 &
Orion Veil @&

Initial phase: stellar wind
energy drives expansion

After 300,000 yr (?), bubble £ RCW 49 ©
burst and shell coasts

RCW 36 ®

(bipolar)




Protostellar & Main Sequence
Feedback
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See also: Poster by Kavak Vang 2018.ApjS,235,3
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Energetically, quence "feedback dominatesilow-|
but protostellar ieedback sets the

.
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Ochsendorf et al, 2015, ApJ, 808, 11




The Velil & the Ecology of the Galaxy

Lambda Ori
Eridanus

Loop bubble

Barnard’s
Loop

Trapezium
Cluster
and M42

A Dec. (°)
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Radiative Feedback




photo-electric efficiency

Photo-electric Heating

Horsehead
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Characteristics of PDRs

Wu et al. (2018)

Seo et al. (2019)

Seo et al. (2019)/3

Joblin et al. (2018)

Young Owl et al. (2002)

this study P
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Stromgren relation & pressure equilibrium



€@~ 1148 A~ J0305
AGN versus star formation (XDRs vs @ j1319 @ J0109

PDRs) Traced through high | CO vs [CII] ¥ g s

* Large colored symbols: Quasars at z>6

O
—
N~~~
—~~
—
-
-,

@)

@
—

10
Jup

0439
PJ308

15 20

Vallini+, 2022, in prep
Vallini+, 2019, MNRAS, 490, 4502




€@~ 1148 A~ J0305 J0439  —@- Orion bar
AGN versus star formation (XDRs vs @ j1319 @ J0109 PI308  ~#- NGC7023

PDRs) Traced through high | CO vs [CII] MG S

* Large colored symbols: Quasars at z>6

* Orange/red dots: galactic PDRs
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Vallini+, 2022, in prep
Vallini+, 2019, MNRAS, 490, 4502




AGN versus star formation (XDRs vs -@- j1148 A J0305 J0439 Mrk 231

-8 J1319 -@- J0109 PJ)308 —®&- Orion bar

PDRs) Traced through high ] CO vs [CII] W 2310 ) J2348 PI231  —#- NGC7023

Large colored symbols: Quasars at z>6

Orange/red dots: galactic PDRs S
-
aquamarine: Mrk 23| -
3
—
colored shading: (U)LIRG CO ladder Roseglt;esrsgi%
classification Class 2
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Vallini+, 2022, in prep
Vallini+, 2019, MNRAS, 490, 4502




AGN versus star formation (XDRs vs -@- j1148 A J0305 J0439 Mrk 231
- 1319 -@- J0109 PJ]308 —®- Orion bar

PDRs) Traced through high ] CO vs [CII] W 2310 ) J2348 P231  —#- NGC7023
* Large colored symbols: Quasars at z>6
* Orange/red dots: galactic PDRs

» aquamarine: Mrk 231
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» colored shading: (U)LIRG CO ladder
classification " 3.0 < logGo < 5.0

15 20
 PDR models Jup

Vallini+, 2022, in prep
Vallini+, 2019, MNRAS, 490, 4502




Summary a0

- Early on, mechanical feedback is dominated by stellar winds
 Early B stars: Spitzer type expansion

« O stars: Stellar wind mechanical energy couples efficiently to shell
until the bubble bursts
* Disruption of molecular core/triggered star formation depends on

environment
.

* How important are magnetic fields ? When does radlatlon pressure
become important 2 '

*.SNe ar'e the\“street sweepers” of the Mllky Way key to large scale
" structures and cwcul%on to the halo

<
- Radiative feedback: We will provide a broad sample of well-studied

galactic PDRs and much insight in their characﬁ'gristics
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SOFIA is “heaven-made” for

feedback studies

- A

" team, the pG REAT team, and
the students & postdocs
revealing the [CIl] Univ
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