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Galaxy evolution: what we know… 

At z~0, we have detailed understanding of the properties and large-scale 
distribution of galaxies from SDSS. Large redshift surveys (e.g., zCOSMOS, 
VVDS, DEEP2, VIPERS) to z~1: galaxies had similar morphologies, 
luminosity ranges, and environmental characteristics as today.
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Galaxy evolution: what we know… 

At z~0, we have detailed understanding of properties and large-scale 
distribution of galaxies from SDSS. Large redshift surveys (e.g., zCOSMOS, 
VVDS, DEEP2, VIPERS) to z~1: galaxies had similar morphologies, 
luminosity ranges, and environmental characteristics as today.
At z>1 (Cosmic Noon), the universe was a very different place: 

50% of z~0 stellar mass density assembled at 0.7<z<2; SFR/BH accretion peaked at z~2 
1<z<4 galaxies very different, with higher SFR and gas accretion rate, intense feedback from SF/AGN, ubiquitous 
outflows/inflows; SFGs are more irregular, thicker, and clumpier, gas richer and more turbulent; small sizes (<0.2”). 

During Cosmic Noon, emergence of the population of dead galaxies, of rotating disks and central bulges.
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Galaxy evolution: some outstanding questions…
Galaxy evolution is driven by complex interconnected physical processes (e.g., dark matter halo merging, gas 
accretion, star formation and feedback, galaxy merging, black hole accretion and feedback, effects of local environment 
on multiple scales). How/when do they operate? What is their relative importance as a function of cosmic time? 

How are galaxies fed by, enriching, and interacting with 
their surrounding gas reservoirs and the larger cosmic 
web? How do they drive structural changes?

How/when does star formation turn off in (massive) 
galaxies?

What is the role of environment on the formation and 
growth of galaxies in overdense and underdense regions 
of the LSS?

Adapted from Mann & Belli (2018)

How were elliptical galaxies built? How were thin disks 
and bulges in spiral galaxies built?

How do relations of MBH-(bulge properties) evolve with 
cosmic time? What is the impact of the AGN on the host 
galaxy and on the IGM? What is the accretion history of 
SMBHs as a function of stellar mass/galaxy type? 
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CLUSTER surveys

eROSITA

AGN surveys

All-sky X-ray survey mission 0.5-10 keV 
>7yr lifetime, 4 yrs all-sky survey, 3 yrs for pointed observations 
soft band 0.5-2 keV; hard band 2-10 keV 
138 eV energy resolution  @ 6 keV 
HEW=16” (on-axis; ~XMM) @ 1keV 
launch in June 2019
Science:  

~100K clusters of galaxies and filaments between clusters, through hot 
IGM/gas detection, mapping the LSS out to z>1 
~3M distant AGNs (all obscured AGNs in the nearby universe) 

evolution of Xray LF, inferring accretion history onto SMBHs 
clustering properties of Xray AGNs and relation between AGNs 
and LSS up to z~2 (in combination with 4MOST@VISTA) 
tens of thousands of obscured AGNs, investigating relation 
between AGN accretion and host galaxy properties (Mstar, SFR, Z) 
rare AGNs (high-z, highly obscured, etc…) 
SEDs of Xray AGNs as a function of redshift

Merloni et al. (2012)z
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4MOST @ VISTA
D=2.5 deg FoV, hexagonal field; FoV area = 4.2 deg2 
~1600 fibers (~2400), D~1.45 arcsec, min separation 
~15” 
370-950 nm simultaneously, R=3900-7800 
SNR=10/A, 2 hrs, R=20.4 AB 
5 yrs, >17,000 deg2 
Science operations starting in 2022

All point-like eROSITA AGNs, plus heavily obscured AGNs 
from WISE mid-IR selection, redshifts, luminosity, line 
emission strength, masses of ~700K AGNs, constraining 
cosmic evolution and clustering properties of AGNs, 
and explore the connection between AGNs and LSS. 
Cosmic dusk science: studying the growth of structures 
since z~1 defined by groups, filaments, voids, measuring 
size and mass distribution of galaxy groups, galaxy merger 
rates; accurate z and environment measurements. 

WAVES-WIDE: 750 deg2, r<22, z<0.25, ~0.9M galaxies 
WAVES-DEEP: 100 deg2, r<22, z<1, ~1.2M galaxies, 
~50K DM halos (to 1012 MSun) and ~5K filaments 
Observe 3-30 galaxies in each of >50K eROSITA 
clusters (BCGs out to z~1, many galaxy members at 
z<0.7), studying the evolution of galaxy population in 
clusters and of cluster mass.

Science highlights:



Facility instrument at the 8m Subaru telescope 
D=1.3 deg FoV, hexagonal field; FoV area = 1.1 deg2 
~2400 fibers (4 modules), D~1.1 arcsec, min separation ~30 arcsec 
VIS-NIR (380-1260 nm) simultaneously 
Low/Medium spectral resolution 

R~1900 @ 380-670 nm (blue arm) 
R~2400 @ 650-1000 nm (red arm) 
R~3500 @ 970-1260 nm (IR arm) 

mid 2020: commissioning; early 2022: beginning of science programs

Prime Focus Spectrograph (PFS) @ Subaru

Galaxy/AGN Evolution Survey over ~15 deg2 (100+ nights)

Low-z (0.7<z<1.7) near-IR (~stellar mass) selected sample 
IGM tomography / foreground galaxies @ 2.1<z<2.5 
IGM background galaxies at 2.5<z<3.5

High-z (3.5<z<7) rest-frame UV continuum selected sample 
LAE galaxies @ z=5.7 and z=6.6 
Various AGN studies at z<6

Redshift

(Credit: PFS Gal. Evol. Working Group)



Low-z (0.7<z<1.7) near-IR (~stellar mass) selected sample (~57 clear nights) 
~230K rest-optical continuum-selected (JAB<22.8) galaxies down to Mstar~3x1010 MSun (90% completeness) 
at 0.7<z<1.7 (photo-z from CLAUDS+HSC+UKIRT/VISTA+IRAC) over 11 PFS pointings (~14.5 deg2, i.e., coming 
volume of 0.11 Gpc3); 2 hr exp. 
14.5K quiescent and star-forming galaxies with JAB<22.5 selected from main sample w/ spec-z; 12 hr exp. 

investigate the mechanisms that build the red sequence and shut down star formation (along with 
altering structural and dynamical properties): gas-phase and stellar metallicities, stellar and gas 
dynamics, prevalence of outflows driven by star formation or black hole accretion 
the above as a functions of mass and environment, investigating the role of the cosmic web (probing 
groups and clusters along with voids, filaments, and walls) in shaping galaxy properties just after the peak of 
cosmic star-formation activity and during the major build-up of the quiescent population.  

High-z (~81K sources at 2<z<7) (~50 nights) 
IGM tomography @ 2.1<z<2.5 

HI map, characterization of cosmic web at z>2, association of galaxies/AGNs (~29K LBGs, LAEs, AGNs) 
and neutral gas, studies of proto-clusters and voids [44M cMpc3 @ 2.1<z<2.5; ~15 deg2, sight lines with 
transverse separation of 4 cMpc].  

IGM background galaxies at 2.5<z<3.5 (~22.3K galaxies, y<24.3, g<24.7) 
LAE galaxies @ z=5.7 and z=6.6 (~7.3K) 

LyA luminosity functions at z~6-7 with complete spectroscopic LAE samples, testing existence of excess at the 
bright end, testing hypotheses of the inside-out re-ionization model.  
LAE-HI 21 cm cross-correlation: detection of cross-power spectrum transition signature of the inside-out re-
ionization; the measured scale at the transition and overall shape of cross-correlation determine the re-
ionization history and ionized bubble topology, respectively.  

High-z (3.5<z<7) rest-frame UV continuum selected sample (~22K galaxies) 
Connection between galaxies and large-scale structure, evolution of the stellar-to-halo mass relation, outflows 
(velocities) and relation to halo mass; precise measurements of the bright end of the UV LF at z~4-7; rest-
frame UV emission lines to measure metallicity and ionization state of the ISM, separating SFGs from AGNs. 

0.5<z<6 AGN studies (10K BL-AGNs; 1.5K IR-AGNs; 100 SMGs, 1.7K RL-AGNs; 1K LL-AGNs; 10K SDSS/BOSS/
HETDEX QSOs)



MOONS @ VLT

Detailed survey program still being shaped 
~150 nights of GTO for extragalactic science: SDSS-like 
survey at 0.8<z<1.7, with simultaneous [OII]-to-Halpha, and 
tiers to higher redshifts.  
Understanding the growth of galaxies: high-quality MOONS 
spectra of ~1M galaxies at z>1 will allow to trace the assembly 
history over cosmic time. ~250K galaxies at 0.8<z<1.7 with 
HAB<23.5 over 10 deg2, measuring SFR, Z, Mdyn, etc. 
First galaxies and re-ionization: MOONS will provide accurate 
redshifts, relative velocities, and emission-line diagnostics for 
statistical samples of z>7 galaxies. ~30K galaxies at 1.5<z<14 
over 2 deg2 with 23<HAB<25 (up to 16 hr exposure per galaxy). 

A ~200 nights Public Legacy ESO survey, with 0.8M galaxies 
over 30 deg2 is being investigated. 

Galaxy Evolution Survey

Multi-object, fiber-fed spectrograph for VLT 
D=25 arcmin FoV; FoV area = 500 arcmin2 (0.14 deg2) 
~1000 fibers, D~1.2 arcsec, min separation ~10 arcsec 
600-1800 micron 

R~4000-6000 @ 650-1800 nm 
RI (647-955 nm), YJ (934-1350 nm), H (1452-1800 nm) 

mid 2021: commissioning; end 2021: beginning of science



JWST
NIRCam / NIRSpec / NIRISS / MIRI 
NIRSpec: 

R~100 0.6-5.3 micron 
R~1000/2700, in 4 overlapping bands 0.7-5.1 microns 
MSA 0.2”x0.46” 
IFU 3”x3”, 0.1” sampling 

NIRCam: 
2x130”x130”, simultaneously by SW/LW detectors 
0.6-2.3 micron @ 0.03”/pxl; 2.4-5 micron @ 0.06”/pxl 
broad/medium filters 
Slitless grism 2.4-5 micron, R=1120-1680 

NIRISS: 
Wide field, 0.8-2.2 micron, R=150, 130”x130” 
Imaging 0.8-5 micron, (some) broad/medium bands 

MIRI: 
Imaging, 5-28 micron, 74”x113”, 0.11”/pxl 
LRS (R~100), slit 0.5”x4.7”, 5-12 micron 
MRS (R~2500), IFU 3.9” to 7.7” with 0.2”-0.3” 
sampling, 4.9-28.8 micron (4 channels) 

Launch March 2021; Cycle 1 begins September 2021



A few JWST-unique science goals: 

measure redshifts from faintest continua of typical 
7<z<10 galaxies using ultra-deep NIRSpec R=100 0.6-5 
micron spectra (currently only handful of zspec at z>7). In 
fact, of any HST-selected galaxy 
R=100 0.6-5 micron spectra: Balmer/Paschen series 
emission lines at 0.7<z<4.5, robustly constraining 
nebular dust attenuation; rest-frame optical nebular 
emission lines at z<7, improving estimates of Mstar, SFR, 
SFH, Z, chemical abundances, ionization and excitation 
mechanisms, ISM condition in low-Mstar and high-z 
galaxies. 
early galaxies have very strong rest-frame optical emission 
lines, causing large uncertainties on Mstar and production 
efficiency of ionizing photons. Ultra-deep NIRSpec 
R=1000 2.9-5.3 micron to measure SFR (Halpha, OII]), 
gas Z (R23, N2, N2S2), ISM properties and ionization 
mechanisms ([NII]/Halpha and [OIII]/Hbeta) at z>7.

H=27.8

z=2.5

Measurements of stellar ages, Z, abundance patterns, SFH of quiescent 
galaxies at 1.5<z<4.5 to determine when the quenching happen and to 
distinguish quenching scenarios, using ultra-deep R=100 0.6-5 micron 
spectroscopy. R=100 to spectroscopically confirm massive quiescent 
galaxies to z~5. For massive galaxies, Paschen series absorption lines 
measurements at R=1000 can constrain dynamics and kinematics. Rest-frame 
NIR molecular and metal absorption lines to distinguish stellar population 
models. 

JWST
(Bezanson, Labbé, Glazebrook, DM+)



When do the first quiescent galaxies appear? NIRCam broad- and 
medium-bandwidth deep imaging to search for quiescent galaxies at 
3<z<10 down to logMstar=9, constraining redshifts, strength of Balmer/
4000A breaks, and ruling out contamination by lower-z galaxies with 
strong emission lines, AGNs, or dust.  

NIRCam deep imaging enables the study of color gradients and stellar 
mass profiles, providing insights into the dominant physical 
mechanisms driving the structural transformation of quiescent 
galaxies. 

Chemical composition of a quiescent galaxy as cosmic clock: alpha/Fe 
provides a measurement of the duration of the star formation period. NIRSpec 
R=1000/2700 spectra return accurate stellar ages, Z, chemical abundance 
patterns, SFHs, and stellar IMF using dwarf stars sensitive red spectral feature.  

alpha/Fe cosmic evolution to distinguish different mechanisms of size growth of 
quiescent galaxies . Measuring [Mg/Fe]-Mstar, age-Mstar, rest-frame optical size-
Mstar, combined with similar measurements at low-z, enables direct statistical 
constraints on the assembly history of distant quiescent galaxies.

JWST

(Kriek et al. 2016)

(Bezanson, Labbé, Glazebrook, DM+)



NIRSpec IFU: map ISM kinematics (velocity and velocity dispersion), SFR surface density, chemical enrichment, 
nebular abundances and excitation, dust extinction map at z~2 based on both Paschen and Balmer lines. Maps 
resolved at ~1 kpc scale at z~2 to understand detailed structure of the ISM - still limited to brighter/more 
massive SFGs, not typical SFGs at cosmic noon.

Wisnioski et al. (2015): z=2.17
lgMstar=10.6, SFR=150 MSun/yr (Credit A. Shapley)

JWST

Detailed NIRSpec / MIRI spectroscopic studies of sufficiently bright sources selected from survey facilities.



EUCLID
D=1.2m, FOV=0.53 deg2 (450x ACS) - imaging + slitless spectroscopy 
VIS: 550-900 nm imager, one single RIZ filter (shapes of galaxies), 0.1”/pxl 
NISP-P: 900-2000 nm imager, 0.3”/pxl, Y(900-1192), J(1192-1544), H(1544-2000) 
NISP-S: NIR Slitless spectrograph, R~380 for 0.5” sources 

1 orientation 920-1250nm / 3 orientations (PA=0,90,180) 1250-1850nm 
Launch 2022; 6 yrs lifetime 
WIDE: >15,000 deg2, 24.5 AB in VIS (10sig, extended), 24 AB YJH (5sig, point) 

>1.5B galaxies with high spatial resolution (FWHM~0.2”-0.3”) 
~72M HAEs at 0.9<z<1.8, flux limit 3x10-16 erg/s/cm2 

DEEP fields: 40 deg2, 26.5 AB in VIS (10sig, extended), 26 AB YJH (5sig, point) 
~1-2M HAEs at 0.4<z<1.8, flux limit 5x10-17 erg/s/cm2 

HAEs: constraining dust extinction in star-forming galaxies at 0.9<z<1.8 from Balmer decrement (and studies as a 
function of galaxy/environment properties); Halpha LF down to ~L*; SFR function and evolution; SFRD evolution. 
~100K galaxies (in DEEP) at 0.8<z<1.8 w/ Ha+OIII]5007; OII]3727 at 1.5<z<4. 
Identification of qiescent galaxies: ~8M at z>1.5 w/ Mstar>4x1010MSun; a few thousands of rarest and most massive 
(Mstar>4x1011MSun) quiescent galaxies at z>1.8; study properties as a function of environment 
Hundreds of z>7 galaxies with J<26 AB: accurate measurement of the bright-end UV LF (>3L*); studies of their 
clusterings on large scale; sample for deep follow-up with JWST/ELTs 
LAEs at z>7 with log(LLyA)>43.4 erg/s (bright end of LAEs completely unconstrained at z>7) 
A few tens of brightest quasars at 7.2<z<8.1; ~30(55) quasars at z>8.1 with J<22(22.5): measure HI fraction of IGM 
over several lines of sights (quantify inhomogeneity of re-ionization) 
~300K strongly lensed galaxies; ~5K clusters w/ strongly distorted arcs 
Assembly of red sequence in dense environments to z~2: ~18K cluster members w/ H<22.5 AB in massive 
(M>4x1014MSun) clusters at z>1 
Mergers / merger rate out to z=6: 4 orders of magnitude larger sample of mergers; as a function of galaxy/dark matter 
halo properties 
~1M Type1 AGNs @ 0.7<z<9; ~6-25K Type2 AGNs at 0.7<z<2 in WIDE: demography of obscured AGNs, evolution of 
covering factor with z and L; tracing growth of SMBHs up to z~2; relations between AGNs and host galaxy properties. 

(Credit Brammer, Marchesini, Wake)



LSST
Wide imaging survey telescope, Deq=6.7m, 35m2 collecting area 
D=3.5 deg FoV; FoV area = 9.6 deg2, FWHM~0.7” 
Main survey: ~18,000 deg2 of southern sky in u(26.3 AB, 5sig), g(27.5), 
r(27.7), i(27), z(26.2), y(24.9) [5000x wider CFHTLS-Deep] 
Deeper observations in ~7,000 deg2, including DeepDrilling (ELAIS S1, 
XMM-LSS, ECDFS, COSMOS): u(28.5 AB, 5sig), g(28.7), r(28.9), 
i(28.4), z(28), y(27) 
Science operations beginning 2022; 10-yr program

Science: 
~4B galaxies with useful shape measurements and 6 bands photometry 
evolution of the rest-frame optical (z<1.5) and UV (z>1.5) LFs as a function of color, 
morphology, and environment 
Investigating color/size-luminosity relations, quantitative morphology (bulge/
disk), their evolution with z, and their variations as a function of environment 
Studies of short-lived phases of galaxy evolution using tails of these distributions 
LBGs with L>L* to z>5.5 (bright end of UV LF at z>5); 1B SFGs out to z>2, 10M at 
z>4.5; quiescent galaxies with L>L* out to z~2 over 20,000 deg2, and out to z~3 using 
DeepDrilling over tens of deg2

Studies of the properties of galaxy groups and clusters as a function of cosmic time 
AGN census/lifetimes to very faint luminosity and large z: ~20M LSST selected AGNs, ~100M identified from 
other selections; several thousands quasars at 6<z<7.5, tens of quasars at z>7.5; AGN clustering (as a function 
of z and L) to constrain models for the relationship between AGN and DM distribution; QSO LF in early universe 
~15M interacting galaxies: uniform studies of L* mergers to z~2, and statistical studies of bright galaxy 
mergers to z~5; merger rate as a function of z, Mstar, mass ratio, galaxy type, environment (to understand 
complex role of mergers in galaxy evolution); AGN incidence as a function of merger parameters. 
Angular correlation functions to investigate relation between DM halos and galaxy types and linking galaxies  
Extremely rare objects/populations for targeted observations with JWST/ELTs
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ELTs (GMT, E-ELT, TMT)
ELTs will provide 

high-angular resolution, ~10-20mas with AO-assisted observations in K (=80-160pc at z=2.3) 
large aperture (Deq=35.3m for E-ELT, 28.9m for TMT, 21.6m for GMT); efficient multiplexing 

ELTs will transform our understanding of galaxy evolution, allowing us to map emerging stellar and ISM structures 
with 100pc resolution for representative galaxies at cosmic noon using AO integral field spectrographs.

Science 1: 
ELTs will detect galaxies >10x fainter than those in HFF: high-z rest-frame UV LF at the very faint end, probing the 
abundance of sources likely responsible for re-ionization 
Spatially resolved (100pc resolution) maps of Halpha and gas kinematics to 1-1.5 Re down to 0.1L*Halpha galaxies 
out to z~2.5; maps of dust extinction (w/ Hbeta) and dust-corrected SF surface density; brightest clumps in SFGs 
will be resolved; including other rest-frame optical emission lines, maps of ISM properties (e.g., ionization mechanism, 
gas-phase metallicity and its gradient) ==> insights into how the distribution of star formation in galaxies (down to 
~109MSun at z~2) evolves from cosmic noon to today. 
For lgMstar>10 SFGs at z=2-3, IFUs will sample the velocity field to reach the outer disk, probing into the DM-
dominated regime, and mapping kinematic asymmetries and non-circular motions (inflow/outflowing gas, mergers); 
also velocity maps of typical MW-progenitors at z~2.5 (lgMstar~9.5)

10m AO GMTIFS

TMT-IRIS: 34”x34”, 4mas/pxl; IFU (R<10000) JHK, 2.2”x4.5”(0.45”x0.64”) 
@50(4)mas/spaxel 
TMT-WFOS, seeing-limited 0.31-1.1 micron, <200 objects in 25 arcmin2 

GMTIFS: IFU 6-50 mas/spaxel; R<10K, JHK (0.9-2.5micron), FoV 
0.5”x0.25” to 4”x2”; 20”x20” ima @5mas/pxl 
GMACS: MOS, up to R=5000, FoV D=7.4 arcmin; 300 arcmin2 
(MANIFEST), 320-1000nm; 24 masks w/ 50-100 slits 
MANIFEST: fiber positioning system over 20 arcmin field of view; it can 
feed GMACS (hundreds of fibers) 
E-ELT/HARMONI: IFU, 0.47-2.45 micron, R=3K-20K 
E-ELT/MICADO: imager / slit spectrograph, 0.8-2.4 micron

JWST 
NIRSpec

TMT
IRIS

(R. Bezanson et al.;
US ELT KSP)



10 kpc 

GMTIFS

JWST 
NIRSpec

(Szomoru et al. 2012)ELTs

Science 2: 
Stellar continuum (Balmer absorption lines, CaHK, Mgb, Fe 
lines) spectroscopy of quiescent galaxies at z~2-3: for brightest 
systems, IFUs will be spatially resolving the stellar continuum; 
for fainter systems (down to lgMstar=9-10 at z>1.5), NIR MOS will 
obtain high-SNR integrated measurements of the stellar continuum. 
Spatially-resolved maps of the SFH, stellar dynamics (included 
level of rotational support vs dispersion support), stellar age and 
stellar metallicity (and their radial gradients), and abundance 
ratios [JWST will barely resolve quiescent galaxies at z~2; Re~1kpc 
is 1 resolution element of NIRSpec IFU] 
Target candidates of first quiescent massive galaxies at z>3 with 
NIR MOS (integrated stellar continuum studies) 
Gain in sensitivity will bring intrinsically faint galaxies during the peak 
epoch of galaxy formation within reach of spectroscopy, vastly 
increasing the fraction of high-z populations with high SNR spectra

IGM tomography at 1.6<z<3.5: the sensitivity gain will allow to 
target fainter background sources which are more densely 
distributed, sampling not only the IGM at physical scales <1 Mpc, 
but even the CGM at physical scales <300 kpc. 

(Credit GMT
Science book)

(Credit R. Bezanson)

(R. Bezanson et al.;
US ELT KSP)



WFIRST

Spergel et al. (2015)

D=2.4m, FOV=0.281 deg2 = 1015 arcmin2 (200x WFC3, 90x ACS) 
0.11”/pxl, FWHM~0.24-0.28” 

NIR imaging + slitless spectroscopy 
0.45-2 micron in 6 bands, 5sig, 1hr, 28.5, 28.2, 28.1, 28., 27.5 (point) 
grism 1-1.93 micron, R=435-865 

20.8 AB 10sig/pxl at 1.1 micron, 1 hr (point) 
20.5 AB 10sig/pxl at 1.5 micron, 1 hr (point) 

prism 0.68-1.8 micron, R=70-140, 22.4-22.8 AB 10sig/pxl  
Launch in 2025; 10 yrs lifetime (5 yrs for survey, then GOs) 
High Latitude Surveys (HLS): 

~2200 deg2, 4 bands YJH=26.9, F184=26.3, 27M morphologies/month 
>20K z>8 galaxies / month; ~1500 z>10 galaxies / month 
~40K massive clusters 

grism R~600 down to 10-16 erg/s/cm2 (7sig), 2.6M redshifts/month 
16M HAEs @ 1.06<z<1.88; 1.4M [OIII] emitters at 1.88<z<2.77 

deep single-band imaging: 40 deg2/month, ~2 mag deeper than HLS 
deep single-band spectroscopy: 12 deg2/month, 10-17 erg/s/cm2 @1.5micron 

>10K luminous (<26 AB) z>8 galaxies: strong constraints on early SFRD, amount of ionizing radiation per unit volume 
Halpha SFR>10-20 MSun/yr for >20M HAEs at 1<z<2; [OII] SFR>200 MSun/yr at 2.6<z<4.2; at 8<z<15, LAEs detectable 
with attenuated SFR>100-200 MSun/yr; ~2600 z>7 quasars w/ H<26.5, 20% at z>8: largest census of emission-line 
galaxies and quasars out to z>4.5, probing epoch of downsizing of the most massive galaxies in the universe. 
Samples of GO programs : extreme shock-dominated galaxies at 1<z<2; finding and weighting 1.5<z<2.5 high-mass 
clusters; studying the evolution of massive galaxies, formation and morphologies of red sequence galaxies at 1.5<z<2.5; 
obscured quasars; faint-end of the quasar LF, …  
Most importantly: WFIRST will provide robust samples of rare objects to be followed-up by JWST and ELTs (e.g., 
most luminous sources at z>10 selected with dropout techniques; z>7 candidates; bright star-forming and quiescent 
galaxies suitable for AO sub-kpc integral field spectroscopic studies)



MSE
Fully dedicated multi-object spectroscopy facility; Deq=10.2m, 81m2 collecting area; FoV: D=1.52 deg  
~3250 fibers, D=1”, min separation 7” 
Low-res: 360-1320nm @ R=2600-3600 
Medium-res: 390-900nm @ R4400-6200; 1460-1780nm @R=6000 (1hr, point source, 24 AB SNR=2/res in H-band) 
Science operations beginning 2029 
Sciences (to be fully defined yet): 

high-completeness, magnitude-limited sample of galaxies at 1.5<z<3, covering diverse range of environments 
as currently done at z<1 (i.e., groups, pairs, mergers, filaments, voids) - key should be the selection in J and H 
merger rate measurements (as a function of mass ratio and galaxy properties for Q/SF L>L* galaxies) from pure 
samples of galaxy pairs at cosmic noon (z<4) based on kinematics 
z>4 dropout galaxies, measuring LF, SMF, physical properties, morphology, stellar population, galaxy clusters/
proto-clusters, cosmic re-ionization. 
IGM tomography at 2<z<3 over ~80 deg2 with sightline separation <3 cMpc + sample of foreground galaxies 
(~320K galaxies, including large sample of proto-clusters) 
studies of proto-cluster galaxies at z>1.5; hundreds of lgMstar>11 galaxies out to z~3 
probe the growth of SMBHs and their relationship with host galaxies (LF, clusterings, outflows, variability, mergers) 

AGN zoo at 0<z<3; large sample of quasars at z>7.5 
multi-epoch reverberation mapping campaign measuring 2000-3000 time lags, and accurate SMBH mass

(Credit MSE
Science book)



SKA
SKA-1 (80cm-6m) 

tracing HI content of galaxies to z~2 (for gas-rich galaxies) 
detect MW-type galaxies via synchrotron radiation into the epoch of re-ionization 
finding AGN of all types and luminosity 
detection of star-forming galaxies in radio continuum emission to z>1

Premier facility in mm/sub-mm regime for the next couple of decades 
0.3-3.6mm, 8 bands (Band 3-to-10), angular resolution 15-55 mas (depending on band, most extended configuration) 
tracking the thermal emission from dust and molecular gas content and kinematics of galaxies 
ALMA will continue mapping the cold molecular gas reservoirs out of which stars form, and the thermal emission from 
interstellar dust being heated by, e.g., young massive stars.  

ALMA


