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Physical processes & numerical methods
* Magnetohydrodynamics

— Finite volume methods (Athena*) + B()undary
* Self-Gravity 1
conditions

— FFT; multigrid Poisson solvers

— Sink particles for unresolved collapse; PM gravity
* Radiation from massive stars

— Adaptive ray tracing; moment method+M1+RSL
* Photochemistry

— ODEs for key species (sub-stepped explicit; semi-implicit)
* Heating and cooling

— CIE at higher T; rates based on species abundance at lower T

* Supernovae + stellar winds

— Energy/momentum deposition depending on resolution of R

* (Cosmic rays

o Moment method+RSL, scattering from self-confinement model



7/

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 204:8 (14pp), 2013 January doi:10.1088/0067-0049/204/1/8
© 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

IMPLEMENTATION OF SINK PARTICLES IN THE ATHENA CODE

HAo GonNG! AND EVE C. OSTRIKER -2
! Department of Astronom;, University of Maryland, College Park, MD 20742-2421, USA; hgong @astro.umd.edu, eco@astro.princeton.edu
Department of Astrophysical Science, Princeton University, Princeton, NJ 08544, USA
Received 2012 July 30; accepted 2012 November 22; published 2012 December 28

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 206:21 (29pp), 2013 June doi:10.1088/0067-0049/206/2/21
© 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

A TWO-MOMENT RADIATION HYDRODYNAMICS MODULE IN ATHENA
USING A TIME-EXPLICIT GODUNOV METHOD

M. AARON SKINNER! AND EvE C. OSTRIKER?
Department of Astronomy, University of Maryland, College Park, MD 20742-2421, USA; askinner@astro.umd.edu, eco@ astro.princeton.edu
Received 2012 October 20; accepted 2013 May 7; published 2013 June 3

THE ASTROPHYSICAL JOURNAL, 843:38 (35pp), 2017 July 1 https: //doi.org/10.3847 /1538-4357 /aa7561
© 2017. The American Astronomical Society. Al rights reserved.

CrossMark

A Simple and Accurate Network for Hydrogen and Carbon Chemistry in the Interstellar
Medium

. Munan Gongl, Eve C. Ostrikerl, and Mark G. Wolfire?
Department og Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA; munan@princeton.edu, eco@astro.princeton.edu
Department of Astronomy, University of Maryland, College Park, MD 20742-2421, USA; mwolfire @astro.umd.edu
Received 2016 July 12; revised 2017 May 23; accepted 2017 May 25; published 2017 June 29



Method papers

|

CrossMark
Three-phase Interstellar Medium in Galaxies Resolving Evolution with Star Formation

and Supernova Feedback (TIGRESS): Algorithms, Fiducial Model, and Convergence

Chang-Goo Kim‘® and Eve C. Ostriker

Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA; cgkim@ astro.princeton.edu, eco@astro.princeton.edu
Received 2016 December 9; revised 2017 August 7; accepted 2017 August 8; published 2017 September 11

CrossMark

Modeling UV Radiation Feedback from Massive Stars. I. Implementation
of Adaptive Ray-tracing Method and Tests

Jeong-Gyu Kim' , Woong-Tae Kim' @, Eve C. Ostriker” @, and M. Aaron Skinner*"
Depanmenl of Physics & Aauonomy Seoul National Umvelcny Seoul 08826, Korea; JU]\IH]C astro.snu.ac.kr, wkim@astro.snu.ac.kr
. Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA; eco@astro.princeton.edu
~ Lawrence Livermore National Laboratory, 7000 East Ave., Livermore, CA 94550-9234, USA; skinnerl15@llnl.gov
Received 2017 July 11; revised 2017 November 13; accepted 2017 November 15; published 2017 December 15

CrossMark

Photochemistry and Heating/Cooling of the Multiphase Interstellar Medium with UV
Radiative Transfer for Magnetohydrodynamic Simulations

Jeong-Gyu Kim'** @, Munan GonU , Chang-Goo Kim'®, and Eve C. Ostriker’
Depanmcm of Astrophysical Sc1cnccs Princeton Unlvemly Princeton, NJ 08544 USA; jeonggyu.kim@nao.ac.jp
* Korea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea
Dlvmon of Science, National Astronomical Observatory of Japan, Mitaka, Tokyo 181-0015, Japan
4 Max-Planck Institute for Extraterrestrial Physics, Garching by Munich, D-85748, Germany
Received 2022 June 21; revised 2022 October 11; accepted 2022 October 14; published 2022 December 19

7/9/2026



Galaxies, the ISM, and star formation

Spiral Galaxy M83
Hubble Space Telescope = WFC3/UVIS

Grourid: MPG/ESO 2.2m/WFI

NASA, ESA, R. O’Connell (University of Virginia),
the WFC3 Science Oversight Committee, and ESO

STScI-PRC09-29 HSTWFC3/UVIS |
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Interstellar medium
Milky Way has more than 10" M, of ISM gas, mostly H & He

* Atomic gas, referred to as HI
— seen in 21 cm radio emission (spin flip transition of H)
— two thermal equilibrium phases (similar pressure):
(10* K) and low density (0.3 particle/cm?®) “diffuse” gas
cold (100K) and high density (30 particles/cm?3) in clouds
* Molecular gas, referred to as H,
— Seen in mm-wave radio emission (rotational transitions of CO)
— Extension of cold atomic gas to lower T (20K), higher n (>100 cm™)

— Organized into dense structures called Giant Molecular Clouds
(GMGs).

 Warm ionized gas, referred to as HII

— Photoionized by stars (HII regions + DIG); (T ~10* K)
* Hotionized gas

— Shock heated; very low density, very hot (>10°K); emits X rays
Also contains: dust, ~ 1% of the mass of gas, in very small grains;

Cosmic rays, relativistic particles with power-law spectrum
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ISM structure and evolution

* ISM is highly dynamic, with structures the gas
continually forming and dispersing

* Driven by forces that compress and forces that

disperse (by rarefaction, shear) gas:
Op=—V - (pv)
F (VxB)xB
47

— Gravity, gas pressure, cosmic ray pressure,
radiation pressure, Reynolds stresses
(turbulent pressure), magnetic stresses

Ot(pv) = —pV® — VPyos — VP, + pK

==V (pvv) +

— Some forces mostly one way (gravity); others
are double-edged sword (+ or - divergence or
shear in turbulent velocity field)
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Star Formation

 Stars form by collecting material from the ISM
— Mean local ISM density is p=2.4X102* g/cm?
— Mean density in the Sun is 1.4 g/cm’

— Requires compression factor ~10%4!

* Gravity 1s considered prime motivator of SF, but
measured SFR 1s factor ~100 lower than M,/ ty

te = %2(; ) 50 Myr at mean ISM densﬁy
Actual SF
* Competition between compression and dispersal of gas

depends on:

* Losses by dissipation, cooling reduce “support” forces
* Sustaining the ISM (and SF) requires energy
* Most energy inputs are from stars themselves. feedback



The need for SF
feedback

Without feedback, diffuse-ISM
turbulence would dissipate, ISM
would cool, and all ISM would
collapse into dense clouds

Without feedback, all the mass in
dense clouds would collapse and
end up in stars

N,
x <HD269926
St

5105382670-6908527

A 'Taraniula Nebula (30 Dor, NGC 2070
in the Large Magellanic Cloud

: 7 3 o
ACS/WFC F775W s 61.3 parsecs . 4’3 E 105375‘323-?9:423‘0 D

Grourid: MPG/ESO 2.2m/WFI

Spiral Galaxy M83
Hubble Space Telescope = WFC3/UVIS

NASA, ESA, R. O'Connell (University of Virginia),
the WFC3 Science Oversight Committee, and ESO
STScI-PRC09-29

Far Infrared

Visible ' . %

e
Visible™

*Nearinfrared :.- 5 &




Feedback mechanisms

Dissipation, cooling, collapse are
compensated by from

— Radiative heating
* FUV — PE effect for diffuse ISM CNM, WNM
* Dust heating — gas in dense regions

— Photoionization/heating
 Star-forming clouds — HII regions
* Escaped radiation — DIG
— Radiation force
* Direct FUV on dust — gas, ionizing UV — gas

* Reprocessed IR on dust — gas in opaque regions

— Stellar winds
* Line-driven winds (massive stars)
* Magnetocentrifugal winds/jets (low-mass stars)

— Supernova blasts
* Individual: SNR; clustered: superbubble
 Shock heating (HIM) and gas acceleration

— Cosmic rays
¢ Created in SNRs
* Heat shielded gas; apply large-scale pressure

Cas A supernova remnant

11



Self-regulation concept

Cooling and turbulent dissipation times in the ISM are short
— leads to massive cloud formation on large scales
— leads to localized collapse within massive clouds
When some gas collapses to make new stars
— massive stars inject energy, momentum to their surroundings

— short stellar lifetimes = feedback injection is rapid compared to
system evolution

Energy injection by massive stars
— transforms thermal phase state of ISM gas (offsetting cooling)
— accelerates motions on a range of scales (offsetting dissipation)
— limits local collapse and may remove “fuel” from system
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Star formation now requlates
* Near-future state of ISM
* Near-to-far future star formation by
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NGC 4303

ISM response

ALMA CO (molec. gas) MUSE gri + Ha
(stars + ionized gas)
collapse & S
Young star
feedback

Credit:

MUSE(VLT-ESO)
ALMA(ESO/NAOJ/NRAO)
PHANGS

MUSE gri (stars) 13




Self-regulation concept

Cooling and turbulent dissipation times in the ISM are short
— leads to massive cloud formation on large scales
— leads to localized collapse within massive clouds
When some gas collapses to make new stars
— massive stars inject energy, momentum to their surroundings

— short stellar lifetimes = feedback injection is rapid compared to
system evolution

Energy injection by massive stars
— transforms thermal phase state of ISM gas (offsetting cooling)
— accelerates motions on a range of scales (offsetting dissipation)
— limits local collapse and may remove “fuel” from system

We use numerical radiation
magnetohydrodynamic (RMHD)
simulations to quantify these processes



Outline

d

I. Introduction
I[I. Quantifying stellar feedback
III. SFE in GMCs with feedback

[V.SFR regulation in the large-scale ISM
with feedback

7/9/2026
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Feedback from massive stars/clusters




Peedback from massiove stars/clusters

Optzcal E
+ I"Clle ! _Farlnf\'.re - - L. : ‘-... \'"1 Visible"

Eagle nebula / M16 cluster

Want to quantify theoretically
the effects of massive stars.
* thermal pressure from
heating
* momentum injection

he Orion Nebula and Trapezium Cluster
(VLT ANTU + ISAAC)

ki

The Great Nebula of Orion (M42)  Spitzer Space Telescope * IRAC
NASA / JPLCaltech / S.T. Megeath (University of Toledo, Ohio)

Orion GMC & Trapezium cluster
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—— Stellar winds

LyC A <91.2nm

13.6eV < hy | FUV

W =01 9nm <A < 110.8m

11.2eV <hr < 13.6eV

E :110.8nm <A < 206.6nml
6.0eV <hr < 11.2eV

OPT : 206.6nm <A < 1000.0nm
11.2eV <hv < 1.2eV

—— Supernovae

B L X
tage[Myr]

J.-G. Kim, M. Gong, C.-G. Kim, E. Ostriker (2023)
(from SB99 with fully-sampled Kroupa IMF and Geneva tracks)

Radiation timescales:

LyC LW PE FUV OPT Bol
Timescales (Myr)
(1) () 1.9 6.6 11.9 104 20.7 129

(2) tewmur,50% 1.7 3.4 43 40 7.8 4.1

(3) toumur,00% 3.7 149 343 286 634 408
Ionizing photon rate:
M,
44 1
Qion = 10 X Liyc/M.,
M@
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FUV heating and thermal equilibrium

FUV from OB stars incident to
small grains produces the
photoelectric effect

PE dominates heating in
neutral ISM for Z'=1

(atomic and diffuse molec. gas)

When t,,<t,,, expect to reach
thermal equilibrium nA=I["
e three equil. branches (ieid, Goldsmith, Habing):
warm (F), cold (H), unstable (G)
In Solar neighborhood,

P o=P )12

two-phaseE(Pmin,coldeax,warm

~3000 k K ¢cm™

(Wolfire et al 2003)
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FUYV heating and thermal equilibrium

Dependence of P

P tWO phase : B : T T |I T 17 i T T 17 | o | T T :
two—phase 1/2 _ sE ISRF x 03 T inax g
— [n min mm ax mm] ?E! . - =
k D \ 2 S ouf ~
Tmm ma : - -
T ATATL) =k A E
min max n?2 A=nl' = n=T/A T;snr x 10 - E
Tmin aTmaX ~ const.; : | me: o |::_: | -
i L1l 111 | I
-2 -1 0 1 2 3

1—WPE OCEPEZd JFUV ’ ANXZ g: log n (cm™)
Wolfire et al (1995)

P two—phaseocEPEJ FUV Zd /Z g

Jryv depends on local SFR
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Thermal pressure from FUV + CRs

Z'=1,&o0lX0=2x% 10~16s-1 Xo=1,&cr0=2X% 10716571

107¢ g 107¢
1osL AFUV =Jeuv/ JDraine 1 105k
T |l
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1035_ 3 E
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“Two-phase” thermal pressure P, ppase & Ipp + g

['pp € Yruy X Jroy € Zppy X Zepr, With dust attenuation factor
[cp & Ecr ¢ 2gpr With modest shielding at high column

At low metallicity & dust abundance, €p;; increases and CR
heating begins to dominate =P, .. increases for fixed ypyy



Photoionization by EUV

Individual O star or cluster (mass M.)
photoionizes nearby gas

Photon energy> 13.6 eV in electrons is
shared with gas to maintain T~10*K

Ionizing photon rate (fully sampled IMF)
Qi == M. for E=3 X 1013ph0t0n S-l g—l

Ionization is balanced by recombination in
HII region

Ideal Stromgren sphere:

(47T/ 3)R53 ap 7/lenizQi(l'fdus’c _fesc)= Qifion
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Photoionized bubble expansion

 Jonization=recombination in interior
maintained by photoevaporation =

Nint = [3@1/(471'7“[}7043)]1/2 = M, x (Qir3p)l/?

* Force on ionized/neutral interface
from ionized gas pressure:

Fz' = (2nintkT)47T7“?F ~ kT(QiT[F/OzB)l/

) \(

1/3

RS,O — [3@2/(47{0{37@3)}

* Spitzer sol'n: d(MithF ) _ F =
.
N R3/7 N4/ Q; VT
IR (cit) - (cit)

* Momentum injection rate from
photoionized HII region to ISM:

. 1 /2 —1/2 1/2
Pion,th — 190 km s flonu < M r
M, Myr 2.5 x 1013 103 Mg 10 pc

* Ideally, over t.~ 5Myr could inject
momentum/mass ~ 100-1000 km/s




Photoevaporation: blister HII region

Whitworth (1979), Tenorio-Tagle (1979), Bertoldi & McKee (1990), Matzner (2002), Kim et al (2018)

» Radiation incident on ionization front
photoevaporates gas

* Gas streams away at ~ ¢;=(kT/ mp)l/ 2

e Photoevap. rate~ n; c;A~ n; ¢;R?

* Jonization-recombination must be
maintained in ionized region:

1/2
(OéBR?’)

R 1/2
= photoevaporation rate ~ ¢r ( —>

ap
* Back-reaction force on ionized /neutral
i : 1/2 — 1/2
mterf2ace. , OR / =eM.;,aR /
~ cimpn;A ~ cirmy, | —— = kT
apB apB

(comparable to gas pressure force on shell surrounding embedded HII region)



Direct radiation pressure force

* Photons (UV+Opt) directly absorbed or
scattered by gas or dust transfer
momentum p = /v /c

* Luminosity(fully sampled IMF)
L =%YM. for ¥=1800erg s' g

» Total radiation pressure force:
L/c =¥WM./c

.ra L
e = 19km s~ Myr~*
M,  cM, 1800 ergs—tg—1!
* Exceeds gas pressure force for very
luminous source (large M.) or small HII
region (small rjp): r/pc < M./10* Mg
 Ideally, over t.~ 10Myr could inject

momentum/mass ~ 200 km /s
7/9/2026 27
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Reprocessed radiation force

 Stellar radiation absorbed by dust is
reemitted in IR

* IR photons may be multiply
absorbed /scattered.

* Radiation force on shell of optical
depth Ty, = Kir Mgpe/(47R?) = kg Zgpey -
Frad,IR:L*Tshen/ C=VYMuk g Zpen/C

* (Can compare to gravitational force of star

cluster:
Because xS 7 for
_ 2 IR
Fgray = OMaMgpen /R=CMaZpg 47 normal ISM dust, would
Eddington ratio: need dust enhancement or

_ _ top-heavy IMF (larger V)
fEdd’IR_FradaIR/FgraV_LPKIR/mT[ Ge) for reprocessed radiation
=0.7 (k;r/10 cm?/g)(W/1800 erg/s/g) | to have dynamical

consequences
7/9/2026 28




Simulations: turbulent cloud evolution with
radiation feedback

* In realistic clouds, structure is highly inhomogeneous
— Radiation may escape through “holes’; 1onized gas also escapes

— Large variance in surface and volume density

* We follow gas + radiation interaction using radiation
hydrodynamics (RHD) numerical simulations with Athena

— Collapsing gas 1s replaced by “star particles” (representing clusters)
with total luminosity L.=tYM. , ionizing photon rate Q=2 M.

— Accurate RT method is crucial because of high opacity to EUV in
neutral gas and highly inhomogeneous cloud structure

— J.G. Kim et al (2017) method uses adaptive ray tracing to
compute F,4 and & 4 for FUV (non-ionizing) and EUV (ionizing)
 Start at HEALPix level 4 with 3072 rays from each source
 Split rays when there are fewer than 4 per grid cell from each source

 Practical use requires efficient parallelization to optimize load-balancing and
reduce communication

7/9/2026 29



radiation
simulations with ART

2 —6
5 [M, pe?] f nede [em™ pe]
101 109 10! 102 103 10! 102 103 104 10°

o 10% M

y [pcl

X [pc]
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ART=Adaptive Ray Tracing; see J.-G. Kim, W.-T. Kim, E.C. Ostriker (2017) for Athena implementation

J.-G. Kim, W.-T. Kim, & E.C. Ostriker (2018)
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radiation

simulations with ART
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Turbulence-induced structure:

* Reduces radiation pressure force because gas 1s clumpy (radiation escapes)

f (1 — fuL/cdr

f f fo - 7 dVdt

Pthm

f 32 (127QsRo /) /2 dt

f f fu - F dVdt

('t)thm
f Mo c; di

and sources are distributed (forces cancel)

* Reduces pressure force from ionized gas because neutrals compressed,
photoevaporation area reduced  Factor 5-10 reduction in force!
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» Photoionization more important than radiation pressure up to 2,4 ~ 10°M/pc?
e Factor 5-10 lower injection than idealized estimates
e p/M. ~100 km/s for Orion-like system from radiation effects (“early feedback™)



Stellar wind bubble

» O stars have very fast winds which shock to
create a high T (~ 10°K) bubble

* Energy injection rate (fully sampled IMF):

Evwin/ M=1/2MV,2/M=>5erg/s/g

- Classical solution by Weaver et al (1977) has
R~(E t°/p)'/5, which would imply

: 2/5 ~1/5
Pwind -1 1 t M, ( NE )1/5
— 880k M
M, e (Myr) (103 M@> 102cm—2

* Realistically, 90-99% of energy is lost to cooling
in turbulent interface so that R~(M V, t2/p)'/*

I\ Prad = Lbol/c

Lancaster, Ostriker, Kim, & Kim (2021a) 10tk
. . . . >
e In this case, momentum 1njection rate from =

wind is much lower, p;,/Mi~(1—4)p /M- ¢
. . ; S 0\ T ]
¢ Wlth p in/M* =M VW /M*=9 km/S/Myr Y ’ Tl
3 | _
wind force ~ radiation pressure force [ puind = (2Lyina Maia) /2 |

. \

10
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Lancaster, Ostriker, Kim, & Kim (2021b)

Stellar wind bubble in turbulent cloud
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* Hot gas mixes with ambient gas at turbulent interface, leading to radiative cooling
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Supernovae

Stars of mass > 8 M have SNe at the end Shell formation:

of their lives. tos = 40 kyr ny O
Explosion drives blast wave into _ 99 04
surroundings e — Aa]PC g
Shock compresses & accelerates ambient vsy = 210km/s ng!
gas in shell M, ; = 1550M, nao.‘s

Momentum of shell

of =2 x 10° Mg km /sny Ot
P(t) ~ [0.6 Esy Mghen(H)]Y*=Mgpen(t) Ven(t) Psf o km/sng

v 2.0 @ y Z‘z (oY yulli 1| |
Shell cools when v, ~ 200 km/s WJM R
. . B 7 02 Lo
Subsequent 50% increase in momentum Tos— |
during pressure-driven snowplow P
100} — M (il;
Momentum injection to ISM insensitive to N g /4\ |
background NEE SR T AN
T AN
:é_ 1.0¢ / E: 107; = w,:(l.l' \\
Qos// 2 12:3 — :::::0 ]
10! :/(1‘; 10! 107! fl/(j‘,i 10'
38

SNR evolution for varying ISM density (C.-G. Kim & Ostriker 2015)
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— Shell formation time set by volume- 50
filling low density medium

: El O

— Comparable My, may to single-phase 5

— Both warm, cold gas is accelerated -50

— Comparable momentum injection to single- ol | .

. . . —50 0 50
phase case using average ambient density: x [oc]
Iffrig & Hennebelle (2015), C.-G. Kim & Ostriker (2015),
Martizzi et al (2015), Walch & Naab (2015) -
= 5 -0.17 g 107
pﬁnal 2,8)(10 MOkm/S (110) 5 =
1049
10° ~
T"_| (c) E 108 : (d) |
E 7,107 F
= 10° 5o
= < 10°
g F 210t
10t € - - 10° L — —
10 10 10 10 10 10
t [Myr] t [Myr]

Cloudy-ISM simulations (C.-G. Kim & Ostriker 2015)
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C.-G. Kim, Ostriker, & Raileanu (2017)
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 Stars are clustered = SNe are correlated 10

* Superbubble and individual SN have ~ same p-/event

* Momentum injection insensitive to ISM structure

* Averaged over IMF, p./m:from SNe is 10x higher than = T T
from early feedback =

ry/H

(b)

£[10° M k]
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logZ’

_(b) NEII
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~

rer [pc]

J.-G. Kim, M. Gong, C.-G.

10°
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VAVITR YV

nolcm=3]

10°
nolecm—3]

s = 40 kyr
X (no/ Cm—S)—O.SG(Z;Z 1 262)—0.15,

Prsr =2 x 10° Mg km s~
X (no/cm—B)—O.ld-(Z;Z 1 262)—0.087,

M = 1.7 x 103 M,

% (HO/CIII_?’)_O‘N(Z’Z + 262)—0.16,

iy =22 pc

% (HO/CIII_3)_O'43(Z’2 T 262)—0.061,

Momentum injection is
insensitive to density &
metallicity a1



Momentum injection: conclusions

* Over 5-10 Myr lifetime of star-forming cloud,
largest effect is from photoionization

— leads to the destruction/dispersal of GMCs

* Over ~40Myr lifetime of all massive stars, largest
effect is from SNe

— most SN momentum goes into the diffuse ISM
 Momentum/cluster mass from radiative SNe:
p+/ m.~2000 km/'s

103

L/My [Lo M3']
= =
Q 2

=
(=]
=]

H
2
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J.-G. Kim et al (2023)
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Radiation pressure and SFE: scalings

* Radiation pressure force:
L/c =WM./c=eM ,,4¥/C
* Gravitational force on ejected gas:
GMMoua/ R7= (1- £)G(Meioua/ R)
* Radiation force exceeds gravity provided

E cG Mcloud cG
~ _Zc ou
- - U R g cloud

7/9/2026
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Ionized gas pressure and SFE: scalings

* Ionized gas force for spherical HII region:
1 L 1272 Mejoua R\ /7
27TQR> _ LT ( (=" [ dR)

B

ArR?’nkT = kT (
apB

 Gravitational force on ejected gas:
GMechloud/ R*= (1_ S)G(Mcloud/ R)Z
* Gas pressure force exceeds gravity provided

2

& G ap Z5/2 M1/2

_ ~)2 -~ 2 2— “~“cloud """ cloud
(1 —¢) mzci=
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Photoevaporation and SFE: scalings

* Photoevaporation rate:

. 1/2 = 1/2 M 1/2
N = CIAn ~ CJ (@) ~ CJ (;) (8 CloudRcloud>

B ap B

: Can IOSQ N(]‘- e)Mcloud Wlthln NtffN(R3cloud/GMcloud)l/z

provided: € Gap oo ( 2icloud )2
2

(1—e)2  m22Eoud ™ \ 500Mgpe-

 Alternatively, using sol'n for expanding blister HII
region to reach R4 (Matzner 2002): £c<X%/2 M-1/2
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J.-G. Kim, W.-T. Kim, & Ostriker (2016)

Predicted SFE for spherical model € ~ 0.01 -0.1 for typical MW GMC properties
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Virial parameter in GMCs

Traditional virial parameter
defined as a,=2E,/E,
For 1solated spherical cloud
with uniform density:

C(V:5 0'1052 R/(GM)

At fixed R (fixed beam),

O,> =a,GEnR/5 <« a X
Observations suggest that most
of molecular gas in galaxies is
only lightly bound at ~100pc
scale, a~4

Note: traditional estimate also neglects
tidal effects, internal substructure,
stratification for £,

7/9/2026
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THE ASTROPHYSICAL JOURNAL, 911:128 (36pp), 2021 April 20 Kim, Ostriker, & Filippova
a-series (U, 0 = 2) B-series (ayir,0 = 2)
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* p=mass-to-magnetic flux ratio



IV. SFR regulation in the large-
scale ISM with feedback



star formation regulation

MS51: Hubble Heritage

M51: PAWS (Schinnerer et al 2013)

How does feedback
regulate SFRs of

galaxies?




Power law fits:
Fiducial
10-'E FUV+W4 SFR
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oY 4 14112
- 7 Fiducial only g
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=
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104

Power law fits: .
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—rrr—— - e
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0.7 1% T
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e
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102 107! 100 10! 1073 1072 107!
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Sun et al (2023): PHANGS survey of 80 nearby galaxies

Conclusion: large-scale galactic ty., = X,/ Zgpg ~ Gyr
This 1s much longer than t; in ambient gas (50Myr) or clouds (SMyr)
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SFR/stellar correlation
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Self-regulation concept

Cooling and turbulent dissipation times in the ISM are short
—  leads to massive cloud formation on large scales
—  leads to localized collapse within massive clouds

When some gas collapses to make new stars
—  massive stars inject energy, momentum to their surroundings

—  short stellar lifetimes = feedback injection is rapid compared to system evolution

Energy injection by massive stars
—  transforms thermal phase state of ISM gas (offsetting cooling)
—  accelerates motions on a range of scales (offsetting dissipation)
—  limits local collapse and may remove “fuel” from system

Star formation now regulates
—  Near-future state of the ISM
—  Near-to-far future star formation

On galactic scales, feedback requirements to
maintain ISM equilibrium can be used to predict
star formation rate



How does feedback

regulate properties
of the ISM?

HST/JWST: NGC 628 (PHANGS team)




Thermal pressure from FUV + CRs

Z'=1, & olxo=2%10"16s71 x0=1,&:0=2x10"165"1
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J.-G. Kim et al (2023)
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74 24 _
* “Two-phase” thermal pressure Py o phase X Xruv =Jruv/ Ibraine

* Yruv X Jruv X Zpyy X Zepr, With dust attenuation factor:
1 1 _|_ E3 (TJ_)

Jruv = I Zruv/(@m); T~ — |1 -
T 27]_ T

P;=Yy, Zgpr for FUV thermal heating
Y, ~250 km/s is “yield” 1n solar neighborhood; higher when 74, lower




Turbulent pressure from SNe

Momentum
injection sets 'rﬂ_ 7
the turbulent “ >
pressure e 1
< b . . . - . p* 9
» Driving and d1851pat10n: Ein ~ PO~ - SsprH o
*

. S H
Balancing: .
gz’n — gout :\fPturb — ,0(72 ~

 Alternatively, vertical momentum flux/area:
P+,2 L p.

Y S
. SFR = 7 -
Py

urb:Yturb ZSFR for turb. “yield” Y turb — p*/ (4 m*)NS 00 km/s

7/9/2026 65

Pturb ~ ZSFR



Feedback yield in the ISM

* Thermal pressure in w+c ISM, from FUV PE + CR heating:
nA(T) =T Jpgy , Ecg= Py AT/ ToZgpr =P, = ¥y, Zgpr

* Turbulent pressure, largely from SN momentum injection:

P~ (1/4)p-Zser/me = Pyy= ¥ 2ser
* Magnetic pressure, driven by turbulence (+sheared rotation):

Psp ~ 0.4 Py, = Psg= ¥Ysplarr

Total ISM pressure P, =P+ P+ tPs= Yo 2srr
Total expected yield ¥, ~ 1000 km/s for Z’=1

7/9/2026  see Ostriker & Kim (2022), & references therein 66



SF-ISM with TIGRESS*/TIGRESS-NCR/TIGRESS++

Key physics elements for studying the star-
forming ISM, from GMC scales to kpc-patch  TeamTIGRESS.
scales: B

—hydrodynamics/ MHD
—gravity
—star formation/sink particles
—stellar feedback

* supernovae

* radiation (adaptive ray tracing)

* winds

® COSIMIC rays
—photochemistry (non-equilibrium)
—multiphase gas cooling and heating

Implementated in Athena/Athena++

: : : : : M. Gong, J.-G. Kim, C.-G. Kim, L. Lancaster, S. Moon, E. Ostriker, L.
* Three-phase ISM in Galaxies Resolving Evolution with Armillotta, N. Linzer

Star formation and Stellar feedback
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* Three-phase ISM in Galaxies Resolving Evolution with
Star formation and Stellar feedback




t =196 Myr
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7/9/2026 Linzer et al (2024)
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Global equilibrium

* Since P depends on large-scale galaxy
properties (X, 2+, {24, that are insensitive to

SF, system must adjust P, ., Py, etc. to reach
balance

* Achieved by varying >cpy with P, =Y, Xqp

Global equilibrium demands a certain level of SF feedback

Requirement to maintain ISM equilibrium
via feedback can be used to predict star
formation rate! 74



Pressure-Regulated, Feedback-

Modulated star formatioru}

—-@- R2: ¥=70
* Pressure responds to feedback: Y -
-@- R16: =25
Pui=Yio1 Zsr HE
* Pressure balances ISM weight:
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Z-dependent feedback yield Y=P/Zgpr
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Large-scale regulation: thermal &
dynamical equilibrium via feedback

* For equilibrium, energy losses must be replenished:
— Heating (from feedback) balances cooling
— Turbulent driving (from feedback) balances dissipation
* For equilibrium, midplane pressure must balance
vertical gravitational force
— weight depends on gravity of gas, stars, dark matter
— pressure terms X energy density terms

* Combining energy, momentum balance equations
yields Zgpg as function of Z,; g-

7/9/2026 77



NGC 4303

ISM response

ALMA CO (molec. gas) MUSE gri + Ha
(stars + ionized gas)
collapse & S
Young star
feedback

Credit:

MUSE(VLT-ESO)
ALMA(ESO/NAOJ/NRAO)
PHANGS

MUSE gri (stars) 78




Large-scale regulation: thermal &

dynamical equilibrium via feedback
* Py, Py Prag are comparable; obtaining realistic
values in numerical simulations depends on
accurately modeling feedback processes
— Heating rates depend on radiation field

— Heating and cooling rates depend on species
abundances, including trace ionization

— Turbulence level depends on realistic space-time
correlation of SN feedback energy inputs with gas
structure

— Magnetic energy depends on sheared rotation and
turbulent driving

e Since SFR « feedback rate < P ~ W, realistic SFR
_depends on accurate modeling of feedback
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