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Abstract: Studying galaxy evolution is a human endeavour. Simulations would ideally include physical models based on relevance, but we al
limited by practical considerations like CPU time and code complexity. | will examine energy inputs to galaxies from radiation and stellar feec
how they are modeled in simulations, and where they are expected to influence the state of the gas and the overall evolution of a galaxy. | w
on superbubbles (clustered supernova and stellar wind feedback) and local radiation fields, looking at the differences in what these feedback
in terms of where they act in the galaxy, how that impact changes over cosmic time and how the limitations of simulations have affected our
them.
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Galaxy formation: Simulations

* Galaxies simulation movies are pretty to look at

* Lets look unde%
e A |

“Fire” Galaxy simulation, P. Hopkins
sub-grid models for everything
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Galaxy Simulations:
Under the hood...

Simulation Components:

Dark Matter (Collisionless Boltzmann Equation via
particles: N-body, e.g. Tree-code)

Hydrodynamics (Euler’s equations via Mesh or
particles) (incl. radiative cooling/heating, usually no
radiative transfer)

Stars, Black Holes (N-body) form from gas (stochastic
e.g. density > threshold, SFR ~ density 3/2)

Feedback from stars, BH (many ways!)
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Energy input to Galaxies

Drivers for turbulence, outflows, ISM structure

Sources:
Galactic: Accretion, Shear/MRI, Thermal Instab.

Stellar: Jets, Winds, Radiation (IR/rad. Pressure),
FUV, EUV (blister HIl regions), Supernovae

-- Also: X-rays, UVB, Cosmic Rays
AGN: Jets/radiation
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£ Galaxy Simulations:
" Finite resolution vs.
All-the-details = AGN

T= 320 Myr

di Matteo+ 2005
AGN Feedback calibrated to quench
galaxies by ejecting gas

Best resolution ~0.1-0.2 kpc Talbot, Sijacki & Bourne 2022

Entire Talbot+ 2022 accretlpn torus Even sideways jet does not destroy disk
comparable to one resolution element Resolution 250 M
SUN
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(K)

10° 10° 102 10? 107 10° 10" 10% 10° 10°

MUGS2 Galaxy simulation (Keller+ 2016)
Colour scale indicates mass at that
density/temperature (log)

Simulator view of gas around galaxies

Temperature-Density Phase space

Galaxy simulations can
now resolve gas up to
fairly high densities
Simulated gas can be

identified with observed
gas phases.

Models still reflect old
low res ideas (e.g. for
heating,cooling, star
formation & feedback)

Physics: UV background, metal cooling & mixing,
star formation, super bubble feedback (no AGN)
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Simulator view of gas around galaxies

Temperature-Density Phase space

Hot/Collisional:

Halo, outflows, hot i
b - el

}

Lyman alpha zm’\ WHIM, cold

1 = ~
1IN r'f‘ S (accretion)

(K)

Classic ISM: WIM, WNM, CNM

] il o sasl o saal s i

10° 10~ 107 107 107 10° 10' 10% 10° 10* Molecular clouds or bulk ISM

1 — L I

3 Eedacs bhvaaia)
A m, /jom \ Star DUursis)

MUGS2 Galaxy simulation (Keller+ 2016)

Coloured zones: Somewhat arbitrary
divisions (neglects location/overlaps)

Pirsa: 24020046

Page 8/44



High Energy (S J%«Jﬁ : C’:r CR) impact
& 3y / E |

Hot/CoIIisionaI:

Halo, outflows, hot
inflows (accretion) and
< remnants
; (*1) Big contributors:
Supernovae, Accretion
(virial shock)

10° 10* 107 107 10” 10° 10' 10% 10° 10*
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Temperature-Density Phase space

h ’”*nff-'““ v (SN, AGN

==y

\ ;

R) impact

Hig

,

St

Hot/Collisional:

Halo, outflows, hot
inflows (accretion) and
remnants
(*1) Big contributors:
Supernovae, Accretion
(virial shock)

Essentially empty region > 1 H/cc

Some transients but
expected for careful high energy feedback
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Low density — IGM
Haardt & Madau (2012) Background
Only place uniform radiation is reasonable
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Hot/Collisional:
Accretion/SN/AGN/CR
IGM
< CGM
ISM

10’ 10 Molecular (Shielded)

' 102

(*2) Need Radiative Transfer to get a lot of
observable gas right, especially ionization states
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—_ 107" 1

-

frg/s/

Luminosity

Stellar Feedback Budget

Starburst ‘99 Energy per Solar Mass

Luminosity Lgg,

10+ 4 I——y 'j

10 4 0\, :
Supérnovae’,
 Type Il

age [vrs]

Grond + 2019

— T
107 0" 10 107

Stellar Winds
~ 4 Myr
Supernovae Type ll
~ 4-40 Myr

Leo, = Radiation Pressure:

While Ty >> 1
UV, Jets, etc..
Cloud disruption
Vese < 10 km/s
small scales

Walch+ 2014, Dale+ 2012
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Stellar Feedback Budget

Starburst ‘99 Energy per Solar Mass = ° Stellar Winds , Large scale,
~ 4 Myr 1.Superbubbles

0
] Luminosityle, — roie= e Supernovae Typell
?1 N, s— ~ 4-40 Myr
5 1% * Ly 2 Radiation Pressure:
o0 _igs While t >> 1
; 10" slj;;‘é\movéeg A e UV, Jets, etc..
g 10 Type Cloud disruption
= 1 Vese < 10 km/s
S R A A »  small scales

age [yrs] Walch+ 2014, Dale+ 2012

Grond + 2019, Starburst ‘99 instantaneous
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Large / Small Scale

" Galaxy phase diagram -
(Simulated Milky Way)
10’ £
. 106K
- 107 = ; 1)
10° - - < a -
10° Cooling Curves
Y A ; Dalgarno & McCray i
10° 10* 107 10° 10" 10° 10' 10% 10° 10° &

Density (atoms/cc)
T> 10K — “Hot” accessible by Supernovae (Cosmic Rays, AGN)
Long cooling, times, ¢_sound > v_escape: outflow
T~104-10°K
Rapid cooling
T < 10% K- “Cold/Kinetic” Accessible by Jets, Radiation Pres.,
Turbulence, Star forming gas, 2-phase instability
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1. Superbubble Feedback: Star clusters

* Massive star formation
highly correlated in time and
space

* Typical star cluster
~ 10,000 M, in ~10 pc age
spread < 1 Myr

—> Stellar Feedback highly
correlated

—> Natural unit of feedback is a
Superbubble combining
feedback of 100+ massive
stars

S s —> How real galaxies make hot
N70 Superbubble LMC Image: ESO gas
D 100 pc Age:5Myr v~ 70km/s
Driver: OB assoc. 1000+ stars
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Super bubble features

Shocked ISM Ambient ISM

Classic model:

e Stellar winds + supernovae Merged Shocked Stellar

] ] Winds and SN Ejecta Vol
shock and thermalize in N L.
£ “\  Thermal
bubble o R \ Conduction

7 St P

“W> Cluster it

e Steady input
Mechanical Luminosity
L=10%% erg/s/Msun

* |n practice: some
intermittency due to SN

(see e.g. Krause+ 14)

MacLow & McCray 1988, Weaver et al 1977, Silich et al 1996, Orr+ 2022
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Super bubble features

Shocked ISM Ambient ISM

Limiting factor:

Merged Shocked Stellar
Winds and SN Ejecta Vol

P it L 5
-~

A ' < Thermal
4 B = N Conduction

St AN

“W> Cluster it

Radiative Cooling of bubble
determined by bubble
temperature ~ Eth/Mb and
density Mb/R3

Hot bubble mass (Mb) set by
thermal conduction rate into
bubble -- self regulating
(conduction ~ T7/2)

MaclLow & McCray 1988, Weaver et al 1977, Silich et al 1996
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Modeling Superbubbles in Galaxies

Key required physics (not in most codes):

e Conduction (Spitzer 1962)
Without conduction bubble mass, temp arbitrary
(even at high res — incorrect limit is ejecta mass)

e Evaporation resulting from conduction — hard to resolve
directly (subgrid model)

* Low resolution, early bubble stages m, ... <M., varticle

subgrid 2-phase model to avoid overcooling via low density
hot phase

Keller, Wadsley, Benincasa & Couchman
- 2014 MNRAS 442 3013

eti
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Disk Galaxy Tests

Similar to Dalla Vecchia & Schaye (2012) --
Milky Way analogue (M, ~ 10° My, N, = 10°)

107 K ]

165.8 Myr

162,

-10 : - *
10 0 10

2.5

Temperature: Face on Temperature: Edge on
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Temperature-Density Phase space

10° 10° ————————————
: Hiel 10" yr/ Cooling
0" igh ;
Entropy
- v nd "
10 107 } 107 w
P ' | ,?;f"w
_ 10 ~ 107} 2 -
= = E Y =
" 10° "= 10° |} a
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.C; a 10: 1 1 sl

10° 10~ 102 107 107 10° 10' 10? 10° 10* 10” 10 10° 107 10" 10° 10' 10? 10° 10*

v mm_Jon” |

_ o . Gasoline2, Wadsley+ 2017
No gas in short cooling time region

Particles split into cold dense + hot rarefied phases:
allows correct high entropies

Rapidly become hot, single phase — evolve adiabatically
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Temperature-Density Phase space
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:‘g’ \ Gasoline2, Wadsley+ 2017
3 ) ’ . !
¥ Common Galaxy Simulation (names omitted)
q.}‘ 3 . . . .
‘ = omwv : \"\\\;\._‘x Note: Gas in short cooling time region!
i +e+-+o+ Wind TL . : A 4 1 hich a NQ \/ H
I e avia| | (a) Lack of gas in high entropy region

S e B T Bizarre ISM phases

Logn [cm™*]
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What happens when simulators don’t
know the right answer in advance?

600 F

T
[ oa * GALFORM ] L
I = G3-BH 7r L-GALAXIES 4 500 Aq-C-4 —
[l e Guo et al. (2010) 1 400
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Aquila comparison (Scannapieco+ 2012)
= Compared feedback models & simulation codes on same
cosmological initial conditions
= Most produced too many stars, too large bulge/disk ratios
= None had both reasonable stellar mass fraction and small bulge.

Missing feature: Baryon expulsion!
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Cosmological Galaxy Simulations

. 4 test cases:

= No Feedback . Initial Conditions

- Blastwave (old Feedback) - 8 x10"M_, halo

= Superbubble Feedback = Cosmological zoom-in
E=10'erg/SN = Last major merger at

= Superbubble Feedback E x 2 z=2.9

No Feedback Blastwave Superbubble Superbubble, 2X FB

G1536, Keller, Wadsley+ 2014
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What happens when simulators don’t
know the right answer in advance?
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cosmological initial conditions
= Most produced too many stars, too large bulge/disk ratios
= None had both reasonable stellar mass fraction and small bulge.

Missing feature: Baryon expulsion!
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Mstcllar [MCJ

10127

1011

1010

Stellar Mass Fraction
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e Guo et al. (2010)
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L L
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Current Big Box Galaxy Simulations
Trends: Extra feedbacks,
Multipliers > 100% on SN Energy

Stellar Mass (/)

VS

loll

1010

10°

10

Superbubble Feedback
Superbubble, 2 x10™ ¢rg/SN

No Feedback i
Blastwave Feedback

10“ 1012
Halo Mass (M)

Superbubble: Comfortably match low
end of M./M,,,, with 100% SN Energy.

- Room to lower efficiency

Abundance Matched Stellar Mass History: Behroozi+ 2013
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