Massive star feedback
in different galactic environments
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Massive star feedback

photoionization
radiation pressure
stellar winds

supernovae

— iy T

ISM heating/turbulence
star formation rate/efficiency
star cluster properties
cloud dispersal

momentum/energy escape
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Bubbles are everywhere

NGC 628 (Watkins+ 2025) 1694 bubbles
Intensity [M)y sr 1] R = 6-500 pC

14 12 10

15°48'00.0"

'47'00.0"

DEC

46'00.0"

_\
LOokpc N

A ] <o O
24°11'30.0" 00.0" 10'30.0" 00.0"
RA




Ahmad Ali (Cologne) 3

Bubbles are everywhere

Milky Way Local Bubble
NGC 628 (Watkins+ 2025) 1694 bubbles Credit: Leah Hustak (STScl), Zucker+2022
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Bubbles are everywhere

Milky Way Local Bubble
NGC 628 (Watkins+ 2025) 1694 bubbles Credit: Leah Hustak (STScl), Zucker+2022
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Bubbles are everywhere

Milky Way Local Bubble
NGC 628 (Watkins+ 2025) 1694 bubbles Credit: Leah Hustak (STScl), Zucker+2022
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Feedback in action

RCW 79 (Bonne+ 2023)
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Feedback in action

RCW 79 (Bonne+ 2023) Simulations (radiation onlgge(aﬁilzm%()z‘g 188)
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Feedback in action

RCW 79 (Bonne+ 2023) Simulations (radiation onlgge(aﬁilzm%()z‘g 188)
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Feedback

In action
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RCW 79 (Bonne+ 2023)
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radiation pressure

Simulations (radiation only) (Ali+ 2018)
See also Kim+ 2018
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Feedback in action

Simulations (radiation only) (Ali+ 2018)
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Feedback pressures

Infer dynamics from pressure terms

e H Il thermal pressure (~104 K gas)
PHH — (ne + nH + nHe)kTe ~ znekTe

— 3L
 Radiation pressure Pair = 7 bsl
e direct ree
>
e dust-processed
P *—V

e Stellar wind pressure (>106K gas)
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Pressure vs. size

Pressure (P/kp; K cm™3)
Pressure (P; dyn cm™?2)

MW: Barnes+ (2020) Lo g
LMC/SMC: Lopez+ (2011,2014), McLeod+ (2019) 10-2 107* 10° 10!
Effective radius (Reg; pc)
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Pressure vs. size Y. Galactic
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Pressure vs. size . %2 Galactic
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Milky VWay disc

Olivier+ (2021)
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Milky VWay disc

Olivier+ (2021)
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Simulations
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Statistics!

Pathak+ 2025 (gray points)
19 nearby galaxies (~18,000 HIl regions)
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See also: MclLeod+ 2019,2021;
Della Bruna+ 2022; Rowland+ 2024
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Dynamics

e RP > photoionization on small scales (< pc)
e Photoionization > RP on large scales (> pc)
e But environment also matters

e (stellar winds ?77?)
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Stellar wind models

Weaver+ (1977) Lancaster+ 2021
adiabatic, Turbulent mixing at interface
uniform density + Cooling thermal pressure at bUbble radIUS
g O?E
Stellr Wind 2
~z
(i) Free Stellar =
N )
AN g
Y " & A
4 I N ' N L |
(”l) Fhogkes \SN\ \(iii)CooIingLayer v 100 101

/ Shocked ISM

(iv) Ambient ISM Rcloud [pc]

See also: Geen+ 2021,2023; Lancaster+ submitted
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Stellar wind models

Weaver+ (1977) Lancaster+ 2021
adiabatic, Turbulent mixing at interface
uniform density + Cooling thermal pressure at bUbble radius
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How does feedback alter star formation?

See also: Geen+ 2021,2023; Lancaster+ submitted
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Star formation efficiency: ionization vs. RP
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Photoionization vs. winds

A|i+ 2022 both ion wind none

Dobbs & Pringle (2013)
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Photoionization vs. winds
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DBSCAN (Ester+ 1996) clustering algorithm applied to sink particles

cluster masses

sink particle masses

=
o
N

=
o
=

number of sinks

both
20k -2 ion
== -2 wind
| : -2 none
|
ol 1
O | '
o 151 I I ==
3 ! I
= o=
IS I
4 I | - |—=n
: St s 7 et
g 10} okt --1
- |“': i I
2 : " Shmiiie i B ey
! I :
- =g 1
5 e L
[ -1
| 1 L 1
1 I -
== = I
-l T
0 :-__n_ i | R | L 1 L - 1
103 104
mass (M)

adding winds
produces more low-mass clusters

C 11
L1 1

L

- =1 -2 ion

——

I E I
i el
[ N S
e

[ S

both

-

I= Co1 wind |

1=~ none |

e oy

10!

102 103 ]

sink mass (M)



Ahmad Ali (Cologne) 15

Cluster mass functions

Rathjen+ 2021 i — S | ' Kharch'enko+2005'J_
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Cluster mass functions

Rathjen+ 2021 s ' Kharch'enko+2005'J_
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VR VTR radiation is key!
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Cluster assembly

_ cluster merger history

* Massive clusters tend to form through mergers of -
small clusters

= 1000 Mg A
—— 100Mg |
— 10 M,

Guszejnov+ 2022 S 2 6 8

Time [Myr]
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Cluster assembly

:‘E
>
;‘- 0.2 £
* Massive clusters tend to form through mergers of ) 5
small clusters -
* + more mergers with feedback
Dobbs+ 2022
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Uncertainties....

Geen+ 2018
clouds with ionization

turbulence realisations

star sampling realisations
(feedback input) (cloud velocity/structure)
_===="=5=%  TurB

1014

A[s{(u's/AIini

SFE

2 3 4 5 6 780910 3 4 5 6 78910
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See also: Jaffa+ 2022
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Uncertainties....

Geen+ 2018
clouds with ionization

turbulence realisations

star sampling realisations
(feedback input) (cloud velocity/structure)
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See also: Jaffa+ 2022

numerics / initial conditions matter!
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Galactic environments

e Most MW massive clusters are near the Centre or Bar
(e.g. Arches, Quintuplet, W43)

74 nearby galaxies, 100 pc pixels

(Querejeta+ 2021)
molecular gas surface density star formation rate surface density
4 T T T 1 1 1
[ 106 11.5 9.9 4.5 4.1 ] | 0. 74 0006 0006 0003 0002
nl i oL 1
g Ll 1 <. |
o I N
= | I >0
S | | =1
3 | | &
i | 3|
o -3
-1 - 1 - -4 -

centre bar spiral interarm disc centre bar spiral interarm disc

(but also different external pressures, tidal forces, B-fields, etc...)
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Arm vs. inter-arm

28 nearby galaxies, 100 pc pixels
(Querejeta+ 2024)
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Arm vs. interarm (simulations)

zoom-in simulations, sub-pc resolution (Ali+ 2023)

237 bar ' bar/ring
— inner arm

5o 4| Outerarm | 2-3x higher in arms
— inter-arm

w
o

15 -
;\3 2.5 -
0 : 2.0 I%
1.5 g
_ 10 £
1 Interarm g
= 05 8

- 0.0
0 -
-1 0 1 2 3 4 5 6 7
time (Myr)

See also: Bending+ 2020,2022; Dobbs+ 2022a,b
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Arm vs. interarm (simulations)

zoom-in simulations, sub-pc resolution (Ali+ 2023)

237 bar ' bar/ring
— inner arm
5o 4| Outerarm | 2-3x higher in arms
— inter-arm
3.0
15 A
E : 2.0 I%
15 @
: 10 £
il Interarm g
5 -0.53
- 0.0
0 -
-1 0 1 2 3 4 5 §) 7
time (Myr)

more work needed!

See also: Bending+ 2020,2022; Dobbs+ 2022a,b
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JWST FEAST survey

NGC 628 (Pedrini+AA 2024)

5-10 pc resolution




FEAST: emerging clusters

NGC 628 (Pedrini+AA 2024)
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3.3 um PAH (PDR)
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FEAST: emerging clusters

NGC 628 (Pedrini+AA 2024)

3.3 um PAH (PDR)
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evolutionary sequence showing dispersal

=> obtain timescales over galactic environments



* stellar winds
* radiation pressure
* direct vs. re-processed

Image credits: NASA, ESA, CSA, STScl, J. Lee (STScl), T. Williams (Oxford), PHANGS; R.
Bernal Andreo; HST Orion Treasury Project Team, M. Robberto (STScl, ESA); Hubble
Heritage Team (STScl/AURA); O'Dell/Rice University; ESO/NAOJ/NRAQO)
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Proplyds
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Disc photoevaporation

 using Ali (2021) 10° M, Z model

e Feed flux into disc models

viscous gas + grain growth/radial
drift (Sellek+ 2020)

+ external photoevaporation
(FRIED grid Haworth+ 2018)

e FEach disc

1/r2 geometric dilution
MCRT absorption

FUV field, Go

Gas disc radius, AU

106 4

=

o
IS
1

102 ]

10°

140 1
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—— MCRT FUV track
-~ GD FUV track

—— MCRT
— GD

—025 0.00 025 050 075 1.00 1.25
Disc evolution time, Myr

Qiao,... Ali, 2022, MNRAS, 512, 3788
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0 30FUV distribution at a certain cluster age

0.25 - B Cluster age = 0.5 Myr

0.20 1
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0.05 A .
0.00 - T T T T

P (logyo(Fruv))

0.30 .
BN Cluster age = 0.8 Myr — MCRT FUV track

0.25 1
0.20 1
0.15 1
0.10 -
0.05 -
0.00 -

e Feed flux into disc models 2-10 1 2 3 4 5 6 7

0.30
0.25 A

* viscous gas + grain growth/ra =z
drift (Sellek+ 2020) 0.15 -

* + external photoevaporation 2:: l . I . — hG,I;RT
(FRIED grid Haworth+ 2018) 0.00 -

— GD FUV track

 using Ali (2021) 10> M, Z, mode

P (log1o(Fruv))

B Cluster age = 1 Myr

P (log1o(Fruv))

-2 -1 0 1 2 3 4 5 6 7
0.30

0.25 - B Cluster age = 1.5 Myr

] 0.20 -

e FEach disc 0.15 -
0.10 A

* 1/r2 geometric dilution 0.05-

0.00 -

e MCRT abSOFptiOn 030 -2-10 1 2 3 4 5 6 7

025__c.uste,'age;'2.v}yf 025 0.00 025 050 0.75 1.00 1.25
0.20 A

Disc evolution time, Myr
0.15 A

0.10 -
0.05 -
0.00

P (logyo(Fruv))

0,... Ali, 2022, MNRAS, 512, 3788

P (log1o(Fruv))

-2 -1 0 1 2 3 4 5 6 7
log1o(Fruv), Go



