Connecting scales

The common thread of this discussion: a wide range of scales gets connected during
galaxy formation by turbulence and feedback (stellar or AGN)

Turbulence: energy flows from large scales down to the dissipation scale

Feedback: energy injection at sub-parsec scales by stars and black holes
affects gas flows on scales of ~100-1000 kpc
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Example: magnetized
turbulent gas flows from
large-scales down to
accretion disk around
central supermassive
black hole
(e.g., Hopkins+ 2024, 2025)
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Coupling of scales presents
distinct challenges to modeling galaxy formation

because it makes large-scale distribution of gas in simulations
sensitive to

numerical effects near resolution scale (e.g., the “butterfly effect”;
Genel+ 2019)
- details of modeling star-formation and feedback



gizmo arepo ramses
o e 0C C i e Jde Ued
X
,:f’ ' C O O ad O C Udlc
o ‘ () alga olol= D a - ~
0
0910%4(M o eating/cooling, star formatio
gizmo_tsn0 arepo_tsn0 ramses_tsn0 gadget_tsn0 eceUbDd Ode U U U
» SeXPIOSIO
Lo
NSERT
24 ;}7’;’}?
Sfih 0 ApJ 950 3
C . CA e CA >
gizmo* arepo* ramses_tsn50 gadget*
alge a ere < < 0Q
e - # 4, O e Ci adlE O Iadrqge
‘/'"V e TR
'\} . * S preq ed DE %
¢ i ot { a ?// "
: - % sf -
k . K 4
o~ - o~ . .’ . 2z
gizmo_sfel00 arepo_sfel00 ramses_sfel00
O D

<10
OdeE
adl 10
)
409.18
eldd
differe



ART

TNG

Zoom-in simulations of MW progenitor from the same initial conditions using star formation and

feedback physics in the lllustris TNG and ART simulations (Semenov+2024, arXiv/2409.18173)
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Significant effects of different modeling of the star formation
efficiency of on the smallest scales on the bulk properties of
galaxies even when everything else is kept fixed
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Tdep (L )/Tdep

Tdep(L)/Tdep

Can star formation and feedback treatment be “calibrated” using
observations, such as star formation “tuning fork”?
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Summary

1. Turbulence and feedback couple small and large scales during galaxy formation.

2. This coupling of scales makes galaxy fbjr' : | |a formidable and fascinating problem,

- different treatment of star formatién f ‘hj ';Béék significantly affects bulk
properties of high-z galaxies (stellar | '.)‘and their morphology

- even different modeling of SF efflc?’_ », )rming regions in simulations with
identical star formation and feedback pre C can affect these galaxy properties

different definitions of the outflow rate, they arg 51gn|f|cantly different in simulations with

different prescriptions of star formation and feedback.
M82, JWST/MIRI



Jet Feedback in Groups and Clusters
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~350 kpc

~85 Kkpc
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Back in time in the black hole’s activity
>

Majumder+ 25, Brienza+ 21




GALAXY CLUSTER RADIO GALAXY IN GROUP GALACTIC CENTRE

arc shaped
— filament

> double strand

RADIO GALAXY IN CLUSTER GALAXY CLUSTER/RELIC GALAXY CLUSTER/RELIC




NGC1275 SIMULATION (MHD)
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— 20 kpc — t=3.2Gyr

\

Unsmoothed i

Smoothed

no clear correlation between the
behavior of the hot (106 K< T <

0
108 K) and cold (T < 105 K) phase 0
VSFs.
<0
@
Grete+ 25, Fournier+ 25
7 8 9 —300 0 300

)’ ‘ l vy [kms—'] J




FILAMENTS ARE CLUMPY

DOMINATED IN NUMBER BY LIGHT CLUMPS AND BY MASS BY MASSIVE CLUMPS
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“The purpose of computing
Y is insight, not numbers”

- Richard Hamming
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Outflow mass loading factors in simulations and observations

Wind mass loading from ISM
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