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Astro Decadal Survey (Asiro2020)

Priority Area: Unveiling the Drivers of Galaxy Growth

“Research in the coming decade will revolutionize our
understanding of the origins and evolution of galaxies, from the
cosmic webs of gas that feed them to the formation of stars.”
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Astro Decadal Survey (Astro2020)

Priority Area: Unveiling the Drivers of Galaxy Growth

“Research in the coming decade will revolutionize our
understanding of the origins and evolution of galaxies, from the
cosmic webs of gas that feed them to the formation of stars.”



Stars form via the hierarchical collapse of gas in GMC:s.

Stars inject mass, energy, and momentum into the ISM
(l.e., they feedback on their natal environment)

“The inner Orion Nebula seen MWS
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See Review by Rosen+2020



Stellar Feedback on Small Scales
(e.qg., stars)

Protostellar

e Outflows
Radiation N 1 Stellar wns Supernovae

Cassiopeia A (HST/Chandra)

R136 in the |_|\/|C (JWST) ! \ NASA (Artist rendition)
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Avison+(incl. Rosen) 2021

Massive stars (=z8Me) are rare (~1% by number), but dominate the
energetics of massive star forming regions & star-forming galaxies

Stellar feedback can halt stellar accretion — leads to inefficient star
formation in GMCs and galaxies — launches galactic outflows.



The Chaotic Lives of Star-forming GMCs

b Schematic view of molecular cloud evaolution

Molecular Dense gas Onset of star Pre-supernovae Cloud Cloud dispersal and
cloud formation formation stellar feedback disruption supernova explosions

l Schinnerer C, Leroy AK, 2024
- » -~ .. ' - - -
ln Annu. Rey. Astron. Astropnys. 62.35%-436

Both observations & simulations confirm that pre-supernovae feedback

(early feedback — radiation & winds) disrupts star-forming clouds quickly.
(e.g., see Grudic+2022, Chevance+2022, 2023, Jeffreson+2024)



The Chaotic Lives of Star-tforming Galaxies
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PHANGS-JWST: NGC't 628 aka “Phantom Gaqutf(
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(e.g., Barnes, PHANGS-JWST+2023; Watkins, PHANGS-JWST+2023)
Credit: https.//sites.google.com/view/phangs/home



https://sites.google.com/view/phangs/home

Stellar feedback disrupts GMCs — Creates galactic
super-bubbles — Launches galactic outflows

. Spitzer (Infrared)
M82 (NASA/ESA/CXC/JPL) Hubble (Optical)
Chandra (X-ray)

(e.g., Bolatto+2013, Hopkins+2014, Thompson & Krumholz 2016, Lopez+2018, Lopez+2022)



Stellar feedback is a multi-scale, multi-physics,
& multi-wavelength problem

W49A

M82

...and remains as one of the largest
uncertainties in star and galaxy formation



Stellar Feedback on Small Scales

(e.qg., stars)
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Stellar Radiation: Radiation Pressure & Photolonization
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Averting the Radiation Pressure Barrier in MSF
(Via anisotropic accretion)
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Mass delivered to massive protostar via anisotropic accretion flows (e.g.,
infalling dense filaments, disk accretion, & radiative RT instabilities

— P_ 4 likely unable to eject gas from birth sites during main accretion phase
Rosen+2016, 2019 (P

r

. = Py, + Pip modeled via HARM2 Hybrid RT method from Rosen+2017)

See also: Yorke & Bodenheimer 1999, Krumholz+2009, Kuiper+2010, 2011, 2013; Commercon+2010, 2011;
Klassen+2016 Mignon-Risse+ 2020, 2021



Stellar Radiation: Radiation Pressure & Photoionization

Photoionization: Warm Gas Pressure (Pyypr)— Thermal Expansion
Lyman Continuum (LyC; E, = 13.6 €V = ¢o) photons ionize HI — Hil (Tl = 104 K)
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Stellar Radiation: Radiation Pressure & Photoionization

fHII Regions driven by Prad + P

Hil Region Shell Momentum:

Psh — Mshr'.ash
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Radius at which Hil region dynamics
switches from P.,4— Pp-dominated
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Dynamics of compact Hiiregions (Rsh < 0.5 pc) switch from

Pip-dominated— Py -dominated for giant (extended) Hil regions

Krumholz & Matzner 2009; Lopez+2011, 2014; Olivier, Lopez, Rosen+202]1

Lopez+2011, 2014; Olivier, Lopez, Rosen+202]1



Stellar Feedback on Small Scales
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Energy-driven vs. Momentum-driven Stellar Feedback

- “fast winds” vs. “slow winds” (Koo & McKee 1992) -
Collimated outflows (i.e., jets) and stellar winds are characterized

by a mass-loss rate M, and a (supersonic) launching velocity v,
Wind Bubble Structure
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e.g., Castor+1975, Weaver+1977, Koo & McKee 1992, Rosen+2014, Lancaster+2021, Rosen 2022, Rosen+ (in prep)



Energy-driven vs. Momentum-driven Stellar Feedback
“fast winds” vs. “slow winds” (Koo & McKee 1992)
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e.g., Castor+1975; Weaver+1977; Koo & McKee 1992; Rosen+2014, 2022; Lancaster+2021, 2024



Energy-driven vs. Momentum-driven Stellar Feedback
“fast winds” vs. “slow winds” (Koo & McKee 1992)

[ . .
Momentum conserving vs. energy conserving feedback depends on
LLhow efficiently the shock heated gas can cool.  (tcoor = no A(T))
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e.g., Castor+1975; Weaver+1977; Koo & McKee 1992; Rosen+2014, 2022; Lancaster+2021, 2024
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Rad+Outflows

Rad+Outflows+B

See also: Krumholz+2005; Cunningham+2011, Kuiper+2015, 2016; Kolligan & Kuiper 2018; Mignon-Risse+2021

Stellar Feedback on Small Scales:

Collimated Protostellar Outflows

M. =30.63 Mg

X

t=0.75 tg

M. =33.42 Mg

t=0.85 t

t=1.01 t

M, =30.62 My |}

M. =33.40 Mg

t=1.27 t

=
o
o

=
o
o

-
o
N

-
3
w

Outflowing Entrained Gas [g cm™?2]

o

)

Commergon+2022

Radiation vents through swept-up outflow cavities —
radiation pressure becomes less important




Stellar Feedback on Small Scales:
Collimated Protostellar Outflows
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Outflows remove significant material from the birth sites of stars.
See also: Krumholz+2005; Cunningham+2011, Kuiper+2015, 2016; Kolligan & Kuiper 2018; Mignon-Risse+2021



Stellar Feedback on Small Scales

(e.qg., stars)
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Massive protostars should launch line-driven isotropic

winds as they confract to the main-sequence
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Jumps in Mw and v,, occur when wind launching switches from radiafively-

driven (scattering dominates) — line-driven (metal-ion absorption dominates)
(aka bi-stability jump: Vink+2001; see review talks by Jon Sundqvist & Andreas Sander)



Fast stellar winds collides with the ISM — Produces hot shock

heated gas that cools primarily via adiabatic expansion
(Remember wind feedback should be in the “fast winds” regime)

(d)
AMBIENT

(c)
INTERSTELLAR GAS SHOCKED

INTERSTELLAR GAS

Assuming E,, kg = EMWVV%

) Is fully thermalized:

(b)
SHOCKED
STELLAR WIND

(0) (VW > VGSC

STELLAR

2
VW

= Hot gas thermally emits X-rays

(e.g., Castor+1975, Weaver+1977; Koo & McKee 1992; Harper-Clark & Murray 2009;
Rosen+2014; Lancaster+2021, 2024; Rosen 2022)



Importance of Wind Feedback during MSF:
Shock-heated gas eventually quenches accretion

Rad+Ouvutflows+Winds
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Wind feedback may be responsible for halting accretion on

|£SUb;oF;2C) core scales for stars with M, 2 30 M,



How to make stars =30 M.? Observations & simulations show
that massive star formation is a highly dynamical process

Hub-filament Systems: Sites of Galactic Massive Star Formation
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High ram-pressure inflows in GMCs (& galaxies) is likely
capable of circumventing stellar feedback.



How to make stars =30 M.? Observations & simulations show
that massive star formation is a highly dynamical process
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High ram-pressure inflows in GMCs (& galaxies) is likely
capable of circumventing stellar feedback.



STAR FORmation in Gaseous Environments (STARFORGE)

Initial Conditions: Mcmc = 2x104 Mo, Reme= 10 pc, temc =0.01 g cm2
Stellar Initial Mass Function (IMF) completeness limit: 0.1 Me

Grudic (incl. Rosen)+ 2022
Guszejnov (incl. Rosen)+, 2022a,b, 2023



STARFORGE: Radiation & stellar winds from massive stars
(Yearly feedback’) disrupts GMC before SNe occur
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Feedback sets the stellar IMF & Is responsible for low
SFEs (SFE = Mx/Mamc)

——  base (gravily + MHD) / irst O star 5.- —— base (gravity+MHD) |
0 —— ... + thermodynam cs A [ —— ... + thermodynamics
... + protostellar jets 3 —— ... + protostellar jets
— ... + stellar radiation / —— ... + stellar radiation
~—— ...+ winds+S5Ne I o ... + winds+SNe
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Protostellar jets — large-scale mass-loaded entrained outflows
& sets the low-mass IMF peak.

Radiation & stellar winds* control the high-mass slope of the IMF
& gquenches star formation.

*Caveat: Winds are only launched for Main-Sequence massive stars & Wolf-Rayet stars
Rosen 2022 found that massive protostars launch winds — wind feedback reduces accretfion onto massive protostars



Prad VS. Pui-Dominated Hil Regions Powered by Young Star Clusters
(t= few Myr)
r —
Massive Star Clusters (MSCs) Antennae (Merging Galaxies)
Mwmsc = few x102 - few x103 Mo e
Rmsc = 10s - 100s pc
Lmsc = 104 - 106 Lo
Qo, msc = 1048 - 1050 s-1
MSCs form in quiescent environments
(e.g., galactic disks)

High Lssc, extended Rssc — Pui-dom ]
r -
Super Star Clusters (SSCs)
Mssc = few %103 - few x106 Me
Rssc =< few pc
Lssc = 10¢ - 108 Lo
Qo, ssc = 1050 - 1052 s-1
SSCs form in extreme environments
(e.q., starburst galaxies, mergers)
High Lssc, compact Rssc — Prad-dom.

[ proto-ssc |
“Firecracker” GMC
Mceme = (1-9)x10¢ Mo
Remc = 22 pcC
Finn+2019 | Pext/k > 108 K cm-3 ]

L —J

...but what about stellar winds?



A key signature of s the soft, diffuse X-ray
emission observed within giant Hil Regions powered by MSCs

Super Star Cluster R136 in the heart of 30 Doradus A % i |
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Chandra X-ray: T-ReX Survey 2 Ms/23 day survey (PI L. Townsley)

(e.q., Krumholz & Matzner 2009, Lopez+2011, 2014, Rosen+20] 4, Townsley+2024)
Image credit: IR: NASA/ESA/CSA/STScl/JWST ERO Production Team; X-ray: NASA/CXC/Penn State Univ./L. Townsley et al.



X-ray emission from HIl Regions is weaker than expected:
Are stellar winds dynamically important or
does the wind energy “leak™ out?

(e.g., Dunne+03, Harper-Clark & Murray+09, Lopez+11, Rosen+2014, Ramachandran+2018,Lancaster+2021, 2024)

log(Lx)

Giant Hil Region 30 Doradus
(NASA; Townsley+2024)
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Data: Townsley+2011; Rosen+2014; Lopez+2014;
Webb, Rodriguez+(incl. Rosen; subm. to ApJ) , Pandey+(incl. Rosen)
2024; Rodriguez+(incl. Rosen) in prep

Figure from Jennifer Rodriguez (PhD student at OSU)
Note: Supernova remnants can contaminate Ly (i.e., yields higher Ly)



Wind Feedback Drives Turbulence in Star Clusters:

Wind Energy can be lost via furbulent mix

INg

Heating

Turbulent Mixing — Efficient Cooling o Jurbulent Mixing Shock

Gallegos-Garcia, Burkhart, Rosen+(2020)

Rosen 2022
M. =28.32 Mg

Compact wind
bubbles undergo
efficient mixing at
bubble edges.

Turbulent mixing occurs early!

"Rosen+2014, Lancaster+2021a,b

Wind Bubble Density [gcm~2]



On Small Scales: Diffuse X-ray emission expected from wind bubbles
IN embedded, compact Hll regions is challenging to observe
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Wind energy can also be lost via physical leakage:

(e.g., Harper-Clark & Murray 2009, Lopez+2011, Rogers & Pittard 2013, Rosen+2014)

Warm Photoionized Gas:

~J _1 ~J
Cs. HII ¥ 10 km s7° = vy,

Hot Shock-heated Gas:
. x ® 10 ¢ g

2.31 Myrs

Rogers & Pittard 2013



Stellar wind energy can also be lost vio
Dust Heating via Collisions

e.g., Draine 1979, Rosen+2014; Rodriguez (incl. Rosen)+(in prep)

Dust clumping & turbulence in Hil Regions

¥ L — ———
HIl-F (yz) g e

Resonant Drag Instabilities (RDIs; du to dust grains streaming in fluids)

& P4 cause dust clumping of larger grains near HIl region shell.
(Squire & Hopkins 2018; Hopkins, Rosen+2022)

. . B |
Hot Gas-Dust Cooling Rate: [ Potential Dust Injection Sources:

8kg T ) 2 Winds from evolved massive stars
T (an Ty — 2kn T)

A/\ d = FHXr,
gl = hxPha0d ( — (Red Super Giants, Wolf Rayet stars)

Hot gas sputters dust — Turbulent Mixing
Dust must be replenished L (mix gas + dust at Hil region interface) ]
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Stellar wind energy can also be lost vio
Cosmic Ray Acceleration in MSCs

(e.g., Gupta+2018qa,b)

tayn = 0.1 Myr tayn = 2.0 Myr

Energy exchange between
hot shock-heated gas & CRs
at the reverse shock leads
to cooler wind bubbles.

10°! 10° 10! 10° 10! 10° 10! 10°
r (pc) r (pc)

Gupta+2018qa,b



Young MSCs (7 < 3 Myr) are y-ray bright, confirming
Stellar Wind Collisions are CR accelerators

(e.g., Pandey+2024, Peron+2024, etc.)

RCW 38 (7 ~ 0.5 Myr) 2-7 keV Diffuse X-ray Emission

-47.1480

-47.440

Chandra (X-ray)

-47.460

47.480

-47.500

-47.520

47.540

-47.530
-47.560

2.5

.47.580 47.540

134.900 134.850 134.800 134.750 134.700 134.650

e ——
Ditfuse X-ray emission is primarily due to colliding winds from

the massive IRS 2 binary star system.

134.800 134.780 134.760 134.740

Energetics: Py > P p

See poster by Paarmita Pandey



CR Pressure efficiently launches galactic outflows &
alters the CGM structure

Rathjen+2022

1.0

SILCC:
Simulating the
Life-Cycle of
molecular
Clouds
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MHD straftified Gas Disk
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CR Injection:
~few-10% of the wind
& SNe kinetic energy

—1.0

accelerates CRs 2 . : 2 2 ecr [eV em™3
Outflow mass- 0.2 1 ‘ [ 1 , ' *
loading factor~ 174 |

—-0.2
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Hot Gas (1> 3x105K) produced by SNe feedback drives galactic outflows —
CRs alters the outflow phase structure — 3 phases (cold, warm, & hot)
within 1 kpc of galactic disk



CRs provide pressure support to the CGM — Results in lower
Tcem and alters the density gas distribution (and meials/lons)

MHD +

m121 CR +
103
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[—' MHD+ e R+ gy Detections in SF galaxies

Ji+2020; FIRE Collab

CR feedback produces lower CGM gas temperatures,
alters the gas density distribution — CR support produces smoother CGM



Summary:

* Massive stars dominant the galactic stellar feedback budget. Stars
feedback on their environment via radiation, protostellar outflows,
stellar winds, & SNe.

e Stellar winds from massive protostars, are able to quench stellar
accretion.

e Diffuse, soft X-ray emission traces the hot shock-heated gas
oroduced by stellar wind feedback.

*In MSCs wind feedback is dynamically unimportant because wind
energy Is lost.

e Potential Loss mechanisms: hot gas physical leakage, multi-phase
turbulent mixing, dust grain collisional heating, CR acceleration (<)

* CR feedback may be dynamically unimportant in MSCs but is @
crucial component for shaping the CGM

e CRs add additional pressure support in the HIl Regions & the CGM









