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Star Formation across Cosmic Times

Lookback time (Gyr)

Dekel+09

. Continuous Accretion
Madau&Dickinson14 Redshift from Halo and
Disk Instabilities?

(Major) Mergers
and Starbursts?

Lilly+96, Madau+96, Steidel+96; Schiminovich+05; Le Floc’h+05; Pérez-Gonzales+035,08; Hopkins&Beacom06,
Caputi+07; Dahlen+07; Reddy+08,09;Soifer+2008, Le Borgne+2009; Rodighiero+10; Robotham&Driverll;
Gruppioni+10;13; Magnelli+11,13,; Cucciati+12; Bouwens+12; Schenker+13; delVecchio+14; among others.



The “Main Sequence” of Star-Forming Galaxies

MS SEGs have high duty cycles ~ 30%-70%
~ 90% of the cosmic SFR occurs on the MS
Efficient quenching of star formation above #*

Below MS ; Stellar mass
: : ., function
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0.5<z<1.0

llbert+13
2.0€2€2.5

Whitaker+14

E.g., Rudnick+03,06; Adelberger+04; Noeske+07; Elbaz+07; Daddi+0Q7; Marchesini+09; Shankar+09; Ilbert+10,13;
Rodighiero+11,14; Caputi+11; Brammer+11; Gonzalez+11; Magnelli+11,13; Whitaker+12,14; Muzzin+13; Stark+13; among others
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E.g., Labbé+03; Elmegreen+07-09; Kriek+09;NMFS+11a,b; Guo+12; Lanyon-Foster+12; Szomoru+13; Nelson+13; Tacchella+14
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'3 SEGs
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Also, e.g., Kauffmann+03,06, Schiminovich+07; Bell08; Bell+12; Cheung+12; Fang+13; Bluck+14, Tacchella+15



B Stellar Structu re of z = 1 3 SIst
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- Kinematics of z ~ 13 SFGs
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Kinematics of z~ 1 - 3 SFGs

SINS/zC-SINF
VLT
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SINS/zC-SINF: NMFS+09/15,Mancini+11,Newman+13; MASSIV: Epinat+09a/12,Contini+12,Sanchez-Lopez+12;

AMAZE/LSD: Gnerucci+10/11; OSIRIS: Law+09/12,Wright+09; WiggleZ: Wisnioski+11,12; HiZELs: Swinbank+12a/12b;
IMAGES: Flores+06, Yang+08, Puech+12; LBAs: Basu-Zych+09,Goncalves+10; DYNAMO: Green+10; GHASP: Epinat+09b/10
Lensed objects: Stark+08, Jones+10/12, Yuan+11/12, E.Wuyts+13, Bandara+13

KMOS: Wisnioski+14, Genzel+14, E.Wuyts+14, Sobral+13, Stott+14



Kinematics of z ~1.—3.SFGs
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SINS/zC-SINF: NMFS+09/15,Mancini+11,Newman+13; MASSIV: Epinat+09a/12,Contini+12,Sanchez-Lopez+12;

AMAZE/LSD: Gnerucci+10/11; OSIRIS: Law+09/12,Wright+09; WiggleZ: Wisnioski+11,12; HiZELs: Swinbank+12a/12b;
IMAGES: Flores+06, Yang+08, Puech+12; LBAs: Basu-Zych+09,Goncalves+10; DYNAMO: Green+10; GHASP: Epinat+09b/10
Lensed objects: Stark+08, Jones+10/12, Yuan+11/12, E.Wuyts+13, Bandara+13

KMOS: Wisnioski+14, Genzel+14, E.Wuyts+14, Sobral+13, Stott+14



High-z Disks are Turbulent and Gas-Rich
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DYNAMO o

redshift

Dib+06; NMFS+06,09,14; Genzel+06,08,13; Stark+08; Cresci+09;
Law+09,12; Wright+09; Epinat+09a,09b,12; Lehnert+09,13;
Jones+10; Green+10; Gnerucci+10; Yuan+11,12; Swinbank+12;
Kassin+12; Lemoine-Busserolle+12; Newman+13; Tacconi+13;

Sobral+13,14; Wisnioski+14

1
fgas

dust main sequence, DLO7 dust, Leroy dust/gas
CO main-sequencem MW Xeo

Molecular gas mass fraction

redshift

Tacconil0,13; Genzel+10,12,13,14; Daddi+10; Combes+12;
Magdis+12; Freundlich+13; Baker+04,; Coppin+07;
Geach+11; Saintonge+11,13; Bauermeister+12;
Magnelli+12; Santini+13; Walter&Carillil 3
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Clumpy SF in Turbulent Gas-Rich Disks
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Also, e.g., Noguchi+99; Immeli+04;
Carollo+07; Genzel+08; Dekel+09,13;
Agertz+09; Ceverino+10,12; Genel+12;
Hopkins+12; Dekel&Burkert14



Clumpy SF In Turbulent Gas-Rich Disks

SINFONI+AO
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Genzel+08,11; NMFS+11b; Newman+12a; Wisnioski+12; Wuyts+13 Carollo+07; Genz_el+08; Dekel+09,13;
See.also, e.g., Cowie+95; Colley+96, Giavalisco+96; Elmegreen+04—09; Agertz+09; Ceverino+10,12; Genel+12;

Lotz+04; Conselice+04; Law+07; Swinbank+10-12; Jones+10,; Guo+12; Tadaki+14 Hopkins+12; Dekel&Burkert14



Vigorous Feedback.from Star. Formationatz ~ 2

SINFONI+AO

- e dMy,,/dt~1-5x SFRs

Ha narrow — Star formation ® Clump lifetimes < a few 100 Myrs
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Ha broad — Outflow
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_|_ -2000 -1000 O 1000 2000
velocity offset (km/s)

1” (8kpc)

Genzel+11; Newman+12a,b; Shapiro+09

Also, Pettini+00; Shapley+03; Weiner+09; Steidel+10; Coil+11; Kulas+11; Law+12b; Kornei+12; Heckman+00; Martin+05;
Rupke+02-13; Sharp,Bland-Hawthorn10; Sturm+11; Westmoquette+12,13; Rodriguez Zaurin+13; Cicene+14; and many others
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Genzel+11; Newman+12a,b; Shapiro+09

Also, Pettini+00; Shapley+03; Weiner+09; Steidel+10; Coil+11; Kulas+11; Law+12b; Kornei+12; Heckman+00; Martin+05;
Rupke+02-13; Sharp,Bland-Hawthorn10; Sturm+11; Westmoquette+12,13; Rodriguez Zaurin+13; Cicene+14; and many others



Common Nuclear AGN=driven Outflows at z~1-2

log(M.) > 10.9 galaxies with broad nuclear component 633-6004@=2.38) SINFONI+AO
Inner regions ) Outer disks -
‘ T log) > 109 | Central regions of Q

log(M.) > 10.9 o
Ho log(M*) = 10.9 galaxies: 5 W
- Q

- FWHM ~ 500 — 2000 km/s
- - In Ha, [NI1], [SI1]
component Broad e 2_3 kpC eXtent

|
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(NI 6548 5/ | . .
/\,/\fw "“‘«/ il sHa broad (outflow) O L
LA g R ﬁ\\\&i%,u\_'ﬂ’»\yf\_

4000 2000 0 2000 4000 -4000 =2000 0 2000 <000

~ [NII] 6583 Total

velocity (km/s) vel
Average inner regions

5000
@ below MS
Average outer disks
O below MS
B above MS
ve Individual galaxies
(inner regions)
Average all galaxies

110 mostly MS z ~ 1 - 2.5 SFGs
(mostly SINFONI+KMQOS, 30 w/ AO)

NMFS+14; Genzel+14b.
Also, e.g., Rupke+02-13;Sturm+11;Nesvadba+11;Westmoquette+12,13;Harrison+12,14;Maiolino+12;Cano Diaz+12; Fabianl2;

Diamond-Stanic+12;Mullaney+13;Rodriguez-Zaurin+13;Cicone+12,14,15;Juneau+12,14;Perna+14;Brusa+15;Cresci+15



Common Nuclear AGN=driven Outflows at z~1-2

log(M.) > 10.9 galaxies with broad nuclear component 633-6004@=2.38) SINFONI+AO
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High incidence among

“normal” massive galaxies
out > Vescape

110 mostly MS z ~ 1 - 2.5 SFGs
(mostly SINFONI+KMQOS, 30 w/ AO)

NMFS+14; Genzel+14b.
Also, e.g., Rupke+02-13;Sturm+11;Nesvadba+11;Westmoquette+12,13;Harrison+12,14;Maiolino+12;Cano Diaz+12; Fabianl2;

Diamond-Stanic+12;Mullaney+13;Rodriguez-Zaurin+13;Cicone+12,14,15;Juneau+12,14;Perna+14;Brusa+15;Cresci+15



L_ooking Onwards: 2015 — 2020+

Resolved information

Sensitive information

4
Collecting area

AO
Telescope/Baseline size AO
and Kinenatig . Compact galaxies SR Faint sources
substructure (low-M. 2 5. OO substructure | = S
KMOS ALMA ERIS MOONS MICADO

Bigger samples

Wide-field

Multiplexino

“Framework”
(and targets)
for detailed,
studies

Population
properties
Environment,
Evolutionary links

MOS/M-IFU+AO

Wavelength coverage

Synergies instruments+facilities

Comprehensive picture
(stars, gas, kinematics)
. . . Physics of gas

| and stars

Redshift coverage
(z “desert”,z > 3, ...)



The Need for Sensitive < 1kpc-scale Observations

D3al5504 z=24
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The Need for R ~-10000 Spectral Resolution

Sky Lines Avoidance Physics of Galaxies
Sky lines effectively suppressedat R = 10000

e Emission line diagnostics of the gas
% Near-IR Night Sky Spectrum at R ~ 1500 _ e Stellar continuum features
| | e Line profiles
i e Kinematics of low-mass objects

Dynamically cold disks
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Towards Resolving Distant Galaxies on 100pc Scales

Lensed galaxy atz ~ 1, u ~ 10;
HST resolution ~ 150 pc; GMOS resolutlon ~ 500 pc S !
T e S.o ................. ,,,,,,,,,,,,,,,,,,, ‘.‘.,v.e,!(;;v,‘..,‘; ............. ‘ Emplrlcal eVIdence for

sub-kpc structure from
strongly lensed z~1-3

Hydro-AMR cosmological simulation;
Resolution downto 2 pc 0.2 mas at z ~ 2

‘»'*log.(zgas [M®pc_2]) <
i -
Theory and simulations predict A %ﬁw
rich structure atz~1-3 ﬁ% Y /R &
downto~1pcscaleatz~1-3 . ANy &
: 10 kpc
< - >

E.g., Swinbank+03,06,10; Nesvadba+06; Stark+08; Jones+10,12; Yuan+11,12; E.Wuyts+13
E.g., Bournaud+10-14; Genel+10; Ceverino+12; Hopkins+10-12; Gabor+13-14; Mandelker+14



Towards Resolving Distant Galaxies on 100pc Scales

D=AGMpc . - : ‘. "Dtleepn'ear-ll'iI b
(x0L). . .. - imaging

M83

log(M.) ~10.6
SFR ~ 4 Mglyr
fgas ~ 10-15%

e

1.5" ~35pc resalution 5 ; ,Larsen+.99

& & 8 &%§ VRN g Sa &



Towards Resolving Distant Galaxies on 100pc Scales

z=20 Deep near-IR
(x20 L) imaging

M83 B 5 kpc
log(M.) ~10.6

SFR ~ 4 Mglyr

foas ~ 10-15%

700 pc resolution JWST/NIRCAM

9 & 80 %9 ; BRIy ¢ g b



Towards Resolving Distant Galaxies on 100pc Scales

z=20 - ' Deep near-IR
(x20 L) . imaging
M383 5 kpc ' g .
log(M.) ~ 10.6 S R
SFR ~ 4 Mglyr S

f s ~ 10-15%

100 pc resolu'tion" . .  E-ELT/MICADO



Towards Resolving Distant Galaxies on 100pc Scales

Q2343-BX610 NIC2 | Q2343-BX610 Ha " v(Hai

. e F160W § 2=2.2107 LGS—-AO/SE "1 [km/s

Real disk galaxy at z = 2.3 ‘ 2.8h) | ACN Ty (8.3h) 240
Ry, =5kpc, Kyg =21.3 %

HST/NIC2 real data z=2
H,gy 4 orbits

o B
® : o

HST/NIC2 simulation z=2
H,go, 4 orbits

@® PSF 0.145"

EELT/MICADO simulation z=2
K, 4h + 3-pix smoothing

Mock disk galaxy at z = 2.3

Ry, =5kpc, Kyg =21.3 ® PSF 0. 145"

Resolution of ~100pcatz ~2
Campact clusters detected to Kag ~.28.5

Trippe et al. (2010) (MR,AB ~ -16)

- PSF 0.014"



Galaxy Evolution and
ESO in the 2020’s

Topics of Galaxy Evolution
Requirements

Mapping the cold gas, the stars, the kinematics

Sub-galactic structure <~ 1 kpc and evolution e <1kpc resolution

e Complete censuses and evolutionary connections e R~ 10000
e Accretion and outflows e Sensitivity
e Multiplexing

Galaxy and AGN co-evolution

The role of environment

Chemical enrichment history of galaxies and IGM

e Connecting the ISM/CGM/IGM

The first galaxies, the first SMBHs, the first stars, reionization

e \Wavelength coverage

cvios T
oot FacacO Ml 01U A0




