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Star & Galaxy Formation Across Cosmic Time

Reviews by Madau & Dickinson 1994 and Tacconi, Genzel, & Sternberg 2020 

Present day Cosmic noon



CORE STELLAR MASS DENSITY

MOLECULAR GAS FRACTION SIZE

GAS-PHASE METALLICITY

STAR FORMATION

Reviews by NMFS & Wuyts 2020 and Tacconi et al. 2020 

Regulated evolution since z ~ 1 – 3 
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CLUMP CONTRIBUTION

CLUMPY FRACTION



Rest-UV Rest-optical Stellar mass
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Wuyts+12,20; Lang+14; Barro+17; Tadaki+20



STELLAR MASS DISTRIBUTION
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DISK FRACTION
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KINEMATICS
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ROTATIONAL SUPPORT
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And SF: e.g., 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-Giguère&Quataert12;Bower+17;Weinberger+17;Nelson+18;Pillepich+18;Zubovas+18  
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 ~ 0.1–0.5
vout /vcirc ~ 3 – 8

▬out /▬SF or AGN ~ 1 – 15

╔out /LSF or AGN ~ 0.002 – 0.06

 ~ 0.1–0.2,  ᶿM


−0.1

vout /vcirc ~ 1 – 3

▬out /▬SF ~ 0.1 – 1

╔out /LSF ~  10−4 – 10−3

OBSERVED, WARM IONIZED GAS
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z=0 LTGs

z=0 ETGs
z=1.7 QGs

Also: e.g., van Dokkum+15; Wuyts+16; Genzel+17; Lang+17; Übler+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; ATLAS3D: Cappellari+13;  Local LTGs: Courteau&Dutton15; Martinsson+13; Bland-Hawthorn&Gerhard16; Lelli+16; among many others

Genzel+20; Price+21; Nestor+22
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And, e.g., Elmegreen+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

Guo+15,18
Wuyts+12 
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And, e.g., Elmegreen+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

Averaged over all SFGs:
<N> = 1.5 – 2.5 / galaxy  at  fLUV > 8%
<N> = 2 – 3 / galaxy         at  fLUV > 3%
with wide range

9

z = 2 – 3

z = 1 – 2

z = 0.5 – 1

BRIGHT REST-UV CLUMPS IN SFGS

fcl > 0.08fgal

rcl > 0.5Re

Guo+15,18
Wuyts+12 
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And, e.g., Noguchi+99; Immeli+04; Bournaud+07,14; Elmegreen+08; Cacciato+12; Ceverino+10,12; Hopkins+12; Chandar+14;
Mandelker+14,17; Tamburello+15; Adamo+17; Buck+17; Oklopčić+17; Fensch&Bournaud21; Ginzburg+21; Dekel+21,22
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CLUMPS INTERCLUMP REGIONS

Typical ages ~ 100 – 500 Myr ~ 1 – 2 torb

 rapid migration or disruption

Rare clumps with ages Ṃ10 – 30 Myr
 in-situ formation and long lifetimes 

Steeper clump age gradients vs. host

migration

And, e.g., Elmegreen+05,08,09,13; NMFS+11b; Wuyts+12,13;
Guo+12,15; Adamo+13; Zanella+15,19; Soto+17



Genzel+11; Newman+12a,b
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Bright clumps drive important outflows

 rapid disruption

Modest velocity gradients across clumps

 clumps are pressure-supported or non-virialized
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Physics on (sub-)Toomre scales
 Gas transport within galaxies 
 Gas & SF complexes
 Origin of gas turbulence 
 Feedback from SF & AGN

Clumps
 Stellar, SF, gas, outflow properties
 Structure and dynamics
 Evolution and lifetime
 Role in galactic structure buildup

JWST


