=y ’

N.M. Forster S

NMFS & Wuyts 2020
Tacconi et al. 2020
ARA&A

#

3
> - !

- ' 5 _1 :
3’&@5@&” M OS=P, PHIBSS, and NON‘ D Teams

e nze . Tacco 1,3.F A Camus, L. L|u Luf E. Wisnio tsﬂ:
N ( A nturS|,R Coogan,RI Da s,R L. Davies, M. Fos ati Men el, T|Na4) : ) rg, acchel 1W|I
Beifiori, S. Belli, R. Bender, S. Berta, A. BoIatto,N Bouche, .Bra mer, C.M. Chan, F. Combe OX, G Crescu, . De eI D Elb az ametz

illo, T. Kodama,M Krips, S.J. L|IIy ncini, I. Momc elson, -E??_._.[,mr‘/ -
.E. Shapley, E. Strobl-Hicks, E. ; ‘11.,-- "'"—'wr *é




Star & Galaxy Formation Across Cosmic Time
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MOLECULAR GAS FRACTIO
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Trends & Evolution — Samples matter!
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Star formation rate (normalized)

Star-Forming Galaxies are mainly Diskstoz ~ 3
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Also, e.q., Griffiths+94; Windhorst+95; Abraham+96; Conselice+03,14; Lotz+04,; EImegreen+04-09; NMFS+11a,11b,18; Bruce+12; Law+12a; Nelson+13; Wuyts+13;
van der Wel+14; Guo+15; Huertas-Company+15,16; Kartaltepe+15; Tacchella+15,16,18; Peth+16; Shibuya+16; Liu+17; Soto+17; Wang+17; Hocking+18; Zhang+19; Wilman+20
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Star formation rate (normalized)

Star-Forming Galaxies are mainly Diskstoz ~ 3

MORPHOLOGIES
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Also, e.q., Griffiths+94; Windhorst+95; Abraham+96; Conselice+03,14; Lotz+04,; EImegreen+04-09; NMFS+11a,11b,18; Bruce+12; Law+12a; Nelson+13; Wuyts+13;
van der Wel+14; Guo+15; Huertas-Company+15,16; Kartaltepe+15; Tacchella+15,16,18; Peth+16; Shibuya+16; Liu+17; Soto+17; Wang+17; Hocking+18; Zhang+19; Wilman+20



Massive High-z Star-Forming Disks Host Dense Bulges
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Wuyts+12,20; Lang+14; Barro+17; Tadaki+20

And e.qg., Carollo+07; Bell08; Bell+12,17; Bruce+12,14; Cheung+12;
Guo+12,18; Szomoru+13; Bluck+14,16; vanDokkum+14; Cibinel+15;
Huertas-Company+15,18; Tacchella+15b,16,18; Suess+19ab,+22; Dimauro+19,22

Also, star-forming cores: e.g., Simpson+15; Spilker+15; Elbaz+18; Nelson+20; Tadaki+17ab; Jiménez-Andrade+19,21; Puglisi+19,21; Franco+20; Kaasinen+20; Gomez-Guijarro+21



Massive High-z Star-Forming Disks Host Dense Bulges
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Huertas-Company+15,18; Tacchella+15b,16,18; Suess+19ab,+22; Dimauro+19,22

Also, star-forming cores: e.g., Simpson+15; Spilker+15; Elbaz+18; Nelson+20; Tadaki+17ab; Jiménez-Andrade+19,21; Puglisi+19,21; Franco+20; Kaasinen+20; Gomez-Guijarro+21
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Star-Forming Galaxies are mainly Diskstoz ~ 3
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Wisnioski+15,19

Also, e.g., NMFS+06,09,18; Genzel+06,08; Law+09,12b; Wright+09; Epinat+09ab,12; Jones+10ab,13; Gnerucci+11,12; Swinbank+11,12 Wisnioski+11; Yuan11,12,17:Newman+13;
Dessauges-Zavadsky+15; Livermore+15; Price+16,20; Simons16,17; Stott+16; Harrison+17; Mason+17; Turner+17; Girard+18,20; Johnson+18; Gillman+19,20; Tiley+19,21



High-z Disks are Gas-rich and Turbulent
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And e.g. Dib+06; NMFS+06,09,18; Genzel+06,08,17; Kassin+07,12; Wright+09; Leroy+08,09,14; Law+09,12b; Epinat+09ab,12; Green+10; Jones+10ab,13; Gnerucci+11; Swinbank+11,12;
Wisnioski+11; Yuan11,12,17; Newman+13; Tacconi+13; Livermore+15; Price+16; Simons16,17; Stott+16; Harrison+17; Mason+17; Turner+17; Girard+18,20; Johnson+18; Levy+18; Tiley+21
Stellar structure: e.g., ElImegreen+04-07,+17; Law+12a; van der Wel+14; Zhang+19

Theoretical work: e.g., Dekel+09; Aumer+10; Hopkins+12; Gatto+15; Goldbaum+15,16; Zolotov+15; Hayward&Hopkins17; Krumholz+18; Hung+19; Pillepich+19; Kohandel+20; Ginzburg+22



Galactic Winds are Ubiquitous atz~1-3
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Newman+12a; Genzel+14; NMFS+14,19
Also, AGN: e.g., Cano-Diaz+12; Brusa+15,16,18; Carniani+15,16; Cresci+15; Perna+15,17; Harrison+16; Kaddad+16,20; Leung+17,19; Talia+17; Circosta+18,21; Lamperti+21; Concas+22
And SF: e.qg., Shapiro+09; Genzel+11; Newman+12b;Freeman+17,;Swinbank+19; IS abs: Shapley+03; Weiner+09;Steidel+10;Kornei+12;Martin+12;Rubin+14; among others
Theory/sims: AGN: e.g., Fabian12;Zubovas&King12;Faucher-Giguere&Quataert12;Bower+17;Weinberger+17;Nelson+18;Pillepich+18;Zubovas+18
And SF: e.a. Dekel&Silk86: Murrav+05: Erb+08: Oppenheimer&Davé08: Davé+11.17: Hopkins+11.14: Lilly+13: Ubler+14: Muratov+15



Dense Massive z~1-3 Disks have Low Central DM Fractions
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Genzel+20; Price+21; Nestor+22

Also: e.g., van Dokkum+15; Wuyts+16; Genzel+17; Lang+17; Ubler+17,18,21; Price+16,20

Theory:e.g., Lilly&Carollo16; Lovell+18; Remus+17; Dolag+20; Dekel+21; Ogiya&Nagai22

VIRIAL z~1.7 QGs: Mendel+20; ATLAS?P: Cappellari+13; Local LTGs: Courteau&Dutton15; Martinsson+13; Bland-Hawthorn&Gerhard16; Lelli+16; among many others
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Guo+15,18
Wuyts+12

Clump fraction of UV light

And, e.g., EImegreen+05,07,13; Overzier+09; Puech+10; Guo+12; Wuyts+12; Tadaki+14; Murata+14; Shibuya+16
Also lensed/ CO: Swinbank+10,15; Livermore+15; Cava+17; Rigby+17; Sharda+18; Dessauges-Zavadsky+19 among others



Clump fraction of UV light

Clump Demographics

BRIGHT REST-UV CLumPS IN SFGS
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And, e.g., EImegreen+05,07,13; Overzier+09; Puech+10; Guo+12; Wuyts+12; Tadaki+14; Murata+14; Shibuya+16
Also lensed/ CO: Swinbank+10,15; Livermore+15; Cava+17; Rigby+17; Sharda+18; Dessauges-Zavadsky+19 among others



Clump Formation & Evolution

Massive disks = 10" M, at z ~ 2:
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STRONG SF-DRIVEN WINDS

Genzel+08,11 Genel+12

And, e.g., Noguchi+99; Immeli+04; Bournaud+07,14; EImegreen+08; Cacciato+12; Ceverino+10,12; Hopkins+12; Chandar+14;
Mandelker+14,17; Tamburello+15; Adamo+17; Buck+17; OklopCi¢+17; Fensch&Bournaud21; Ginzburg+21; Dekel+21,22
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CLUMPS INTERCLUMP REGIONS

Clump Evolution
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Typical ages ~ 100 -500 Myr~1-2t_,
=>» rapid migration or disruption

Rare clumps with ages M 10 — 30 Myr
=» in-situ formation and long lifetimes

Steeper clump age gradients vs. host
=> migration

— Age may not = survival timescale

And, e.g., EImegreen+05,08,09,13; NMFS+11b; Wuyts+12,13;
Guo+12,15; Adamo+13; Zanella+15,19; Soto+17
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Clump Evolution
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Genzel+11; Newman+12a,b



Next Frontiers @ Cosmic Noon

Physics on (sub-)Toomre scales Clumps
e Gas transport within galaxies e Stellar, SF, gas, outflow properties
® Gas & SF complexes e Structure and dynamics
e Origin of gas turbulence e Evolution and lifetime
e Feedback from SF & AGN e Role in galactic structure buildup
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