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ARTICLE - COSMIC FRONTIERS

Dark Energy Spectroscopic
Instrument (DESI) Creates Largest
3D Map of the Cosmos

By Adam Becker
January 13, 2022

DESI has already mapped out more
galaxies than all previous 3D surveys
combined — and it’s just getting started

MEDIA CONTACT @

DESI’s three-dimensional “CT scan” of the Universe. (Credit: D. Schlegel/Berkeley Lab using data
from DESI) D. Schlegel/Berkeley Lab using data from DESI



NEXT-GEN SPECTRO-

SCOPIC SURVEYS
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Basic System Reguirements K1

Telescope Preference
Magnitude Limit
Survey Area

Field of View
Multiplex

Spectral Range
Spectral Resolution
Plate scale

Others

TX10mor2 X 6.5m
m.r=21~22
Southern Sky

2.5 deg”2 = @ 1.8 degree

10,000 ~ 13,000 for low-resolution
2,500~3,000 for high-resolution

370 ~ 1200 (or 1800) nm
40,000 for high-resoultion, 6,000 for low-resolution
0.1 ~ 0.15 mm/arcsec (650 ~ 980 mm for 1.8 degree)

theta-phi, spine, theta-r type fiber positioner
Fiber or Image Slicer

From Yunjong Kim’s slide



BASIC REQUIREMENTS
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From David Parkinson’s slide
Spectroscopic survey proposal I: Hubble Depth Survey
Photometric catalogs from LSST
- galaxies with i = 20.5 Or i = 21 (Zay ~ 1)
— Ng, = 6,000 gal/deg?, Ng,aiq (2~1)~ 2x104(h™"Mpc)-?
Spectroscopic survey

- 300/2 nights using 9.2m (effective) telescope system, with ~0.3hr exposures,

multiplexing of 20,000, spectral R=6000 — a flux-limited sample of ~140M galaxies
covering ~24,000 deg?
Unigueness of the wide & dense HDS

- Relatively easier survey with immense scientific returns on low-z astrophysics

- Other future competing surveys will not much focus on this region of the universe.

- The best period of the universe to examine the various effects of the dark energy.



From David Parkinson’s slide

Survey
predictions: HDS

HDS in a flat ACDM universe
[Park & Kim, RevMexAA, 28,
93 (2007)]



From David Parkinson’s slide

Hubble Depth Survey

- A complete spectroscopic survey of the local universe

1. Deep (z ~ 1) > evolution of universe (DE science) & tracers
2. Wide (area >> 1000 deg?) -> large scale structure sciences (initial conditions)
3. Dense (mean d ~< 5 h''Mpc) > physics of galaxy formation. high-order statistics

4. Complete = no sampling biases. unexpected findings. satellite system survey / dark halo survey

5. Compatible with parallel surveys ->sparse & deeper rare object surveys (LRGs, ELGs, QSOs ...)




From David Parkinson’s slide

Spectroscopic survey proposal Il: Redshift Desert Survey

Photometric catalog
- galaxies with i;;=24 (Z0 ~1.7)
— Ng,, = 80,000 gal/deg?

=== Planck £ 1o

Spectroscopic survey 30 ) e
- 200 nights with ~8 hr exposures, multiplexing of 20,000 N z iPiEEH
— a flux-limited sample of ~4M redshift desert galaxies covering ~50 deg I S

Applications of the RDS data
- Missing measurements in redshift desert, where Qyr — 0

- BAO measurements trace optical galaxies with easy to detect lines: g
most at z<1.5 (LRG and ELG) or z>2.3 (QSO and Ly-a) R P e




 Tracing evolution of Galaxies at z < 1-2
* Star formation activity

* Gas-phase metallicity

* Stellar populations : mass, velocity dispersion, age, stellar metallicity

» Active Galactic Nucleiat z < 1

* Higher resolution spectroscopy (R > 40007)
* Time-series spectroscopy?

— Require some additional survey strategies

 Dwarf Galaxies

* Faint dwarf galaxy confirmation (z ~ 0.02, R ~ 3000)

* Local volume dwarfs (Virgo, Coma, Fornax, groups, voids)

* Their globular clusters?

« Galaxy Clusters (z < 1.5, R ~ 1500-3000)

* |dentification, membership

* Infall region - mass evolution of clusters

Cosmic SFR (Mg, yr~' Mpc™)
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From Jubee Sohn’s slide



Stellar & Exoplanet Science

e Key Science 1. Rubin/LSST & future facilities follow-up in the context of
stellar populations

® Spectroscopic observation for isolated/newly discovered dwarf galaxies

® Newly discovered transients/peculiar transients

e Key Science 2. Stellar populations in the Milky Way and Local Universe
® The origin of the elements
e Star formation and stellar evolution

® Assembly history of the Milky Way : Galactic Archaeology

e Key Science 3. Exoplanet hosting stars and nearby exoplanet
® High-resolution spectroscopic survey for nearby stars (M-dwarf) with planets
® Transmission spectroscopy for exoplanet hosting stars

® Search for Jupiter mass exoplanet with radial velocity From Sang-Hyun Chun’s slide



PLAN FOR FEASIBILITY

TUDY (‘24-26)

» Scientific topics
> Key topics (‘24)
> Detailed studies (late ‘24-early ‘25)
» Concept on instruments & facilities p—
> Key requirements & concept (‘24)
> Detailed studies (late ‘24-early ‘25)
» Technology system diagram/planning (‘25)

» Observatory candidates studies (‘25)

» Planning
» Risks & resolutions ('25)
» Roadmap, budget, operation strategy ('25-early ‘26)

» Writing reports for the next step ('26)




@ SSG 2023

>6.5M-CLASS SPECTROSCOPIC

SURVEY?

> Synergy with other surveys (ex- (&

pA N ‘ w ; (‘;:
A ) ' 4y
D —~ 3
a m I e ) Y X M
:iiii’L
AL > S

» Full follow-up
spectroscopic observations of LSST

» Complementary of SPHEREXx
with higher spatial/spectral resolutions
& different wavelength
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Table. Summary of major surveys relevant to this proposal - Science

Name Galaxy sample with limiting | Area Coverage | Status
mag. (deg”"2)

SDSS (2.5m)

Main r Pet=17.77 (no color sel.) | ~7500 deg”2 Finished

BOSS i<19.9 (BOSS, color sel.)

eBOSS i<21.8 (eBOSS, color sel.)

DESI/BGS (4m)

r_(Mod)=19.5 (no color sel.)

~14,000 deg"2

On-going (until 2025)

selection)

MegaMapper Not fixed, but Not fixed Under discussion

(6.5m) color-selection. (First light in early
2030’s)

Subaru/PFS J<23.4 (with color selection) | ~16 deg”2 Under construction

(8m) (First light in 20237?)

MSE (10m) <23 (with color selection) ~10,000 deg”2 | Under discussion (First
light in late 2030’s)

This Study r<~22 - 23 (NO color ~3,000 deg”2 |




with color selection ~ 4 million Cosmology
(ELGs @ within 1,400 deg”"2) (BAO, growth rate)

with color selection
Subaru/PFS (galaxies @ within 16 deg”2) ~ 1 million Galaxy/Cluster Evolution
(quasars @ within 1,400 deg”"2)

Galactic Archaeology
~ 1 million (kinematics, chemical evolu-
tion)

( for limited fields)
(Stars at MW, dSph, M31, M33)

Exoplanets, Low-mass Stars,
Galactic Archaeology,
Galaxy/Cluster Evolution,
Cosmology

without color selection
Our Study (galaxies within ~3,000 deg”2) ~ 100 million
(stars at MW, dSph)



WG1: Stellar/(Exo)Planetary

Saence

Telescope Preference
Magnitude Limit
Survey Area

Field of View

Multiplex

Spectral Range
Spectral Resolution
Signal-to-Noise Ratio
Others

1 x10m
Southern Sky

3 deg x 3 deg (MOS)
5 arcmin x 5 arcmin (IFU)

10,000 (0.31 / arcmin™2)
3,400-8,000 A, 11,000-16,500 A
40,000-50,000

30, 100

Commissioning camera for imaging
MOS (main) + IFU (switchable)



WG2: Extragalaxy/Cluster

Smence

3, 274, o83, o/FH, o|=3

Telescope Preference -
Magnitude Limit -

Survey Area -

Field of View 19 arcmin x 19 arcmin
Multiplex 500 (1.4 / arcmin™2)
Spectral Range 7,400-25,000 A
Spectral Resolution 4,000
Signal-to-Noise Ratio 30 @ 1.2 um

Others IFS option



VAV

Cosmology

Parkinson, H':H - Carr, UHuillier, Sabiu, Shafieloo, Qin,

Telescope Preference
Magnitude Limit

Survey Area

Field of View
Multiplex

Spectral Range
Spectral Resolution
Signal-to-Noise Ratio
Others

(@)

j O MEoS
2 X 6.5m
m r=21-22

27,000 deg”2 (HDS-WIDE), 5,000 deg”2 (HDS-DEEP), 250 deg”?2
(RDS)

0.5 deg”™2 (HDS-DEEP), 2.5 deg”™2 (HDS-WIDE), 0.13 deg”™2 (RDS)

10,000 (2.78 / arcmin”™2: HDS-DEEP)
10,000 (1.11 / arcmin™2; HDS-WIDE)
10,000 (22.2 / arcmin”™2: RDS)

3,800-11,000 A
2,5007 6,0007

Wedding-cake strategy with twin telescopes



SURVEY SPECIFICATION
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SURVEY SPECIFICATION

SAMPLE)

Telescope Primary Mir- Maximum Etendue
(Project ror Instrumental (AQ[m~™2 A
name) Diameter FoV deg”~2]) Survey coverage (deg 2)
Mayall (DESI) 4m 3.2 deg. 101 3,000 (shallow) + 300 (deep)
Blanco 4m 2.2 deq. 47.8 FOV Diameter (deg.)
WHT (WEAVE) 4.2m 2 deg. 43.5 _
MMT 6.5m 1 deg. 26.1 Max. MUItlplex
~10,000 (min.) / ~70,000
MegaMapper 6.5m 3 deg. 235
(goal)
Subaru (HSC) 8.2m 1.5 deaq. 93.3
T 8 arm e 533 Spectral Resolution
R ~ 2,000 (Av ~ 30-40 km/s)

MSE 11.3m 1.5 deg. 177



TELESCOPE (SAMPLE)

Option 2. 10m-telescope
Option 1. Two 6.5m-telescopes

Fig. 6. Examples of detailed Magellan proprietary drawings and design updates. Some potential upgrades and opti-
mizations are also shown: a higher building (for better seeing at SPM), wind-flow optimized dome, top-end of telescope
optimizations for a wide-field secondary of WFT and low-emissivity SFT.




MULTIPLEX SPECIFICATION

SAMPLE)
M Robotic Fiber Positioner
} ] | - Mean separation: ~4.6 mm
| Iv//r\w' * Positional accuracy: <~ 10
- um
* Possible options

 Echidna (FMQOS)
 Theta-phi (DESI, A-SPEC)

Fiber Core Diameter: 75 um




FOV & Multiflexing

e VLT MOONS (650-1800nm)
- ~1m diameter focal plane = 25 arcmin diameter FOV
- ~1,000 theta-phi fiber positioners

» MegaMapper (360-980nm)
- 1.2m diameter focal plane = 3 degree diameter FOV (0.113mm/*)
- 26,100 theta-phi fiber positioners (6.1mm pitch)

e Subaru PFS (380-1260nm)
- 1.3 degree diameter FOV
- 2,394 fiber positioners incl. piezo actuator with 2 rotational axes (8mm pitch)

e WST (350-1600nm for telescope, 370-970 for 1st instruments)
- 1.4m diameter focal plane = 2 degree diameter FOV

- 22,000 positioners : theta-phi, phi-r or three actuators

e MSE (360-1800nm)

- 1.4 degree diameter FOV

- >3,200 spine type fiber positioners (Sphinx)

 DESI (360-980nm)

- 0.8m diameter focal plane = 3.2 degree diameter FOV

- 5,000 theta-phi fiber positioners (10.4mm pitch)

e 4MOST (390-950nm)
- 0.55m(?) diameter focal plane = 2.5 degree diameter FOV
- 2,436 spine type fiber positioners (AESOP)
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RevMezAA (Serie de Conferencias), 28, 39-48 (2007)

@ SSG 2023

SPM-TWIN TELESCOPES: PROJECT OVERVIEW

J. Jestis Gonzalez! and The SPM-Twin Project Team
%}\BLE 1

GENERAL SPM-TWIN INSTRUMENT CONCEPT

Wide-Field Telescope (WFT) Standard Field Telescope (SFT)
(Modified Magellan/MMT) (Updated Magellan/MMT)
Optimized for: Wide-Integral-Field Spectroscopy Multi-purpose Seeing-limited Visible-IR

Astronomy and AQ prepared

Field of view: d> ~ 1.5° B~ 15 (seeing limited)

@ ~ 1 (with AO)
Operation Range: Visible to NIR (0.32-1.8um) Visible to Mid-IR (~ 0.4 — 28pm)
Spatial Resolutions Seeing-limited Seeing-limited (normal mode)
(Narrow-Band imaging)
~ 1" — 3" Spaxel-limited sampling Diffraction limited (AO mode)
(Integral-Field Spectroscopy)
Spectral Resolutions  ~ 4000 (IF Spectroscopy) Wide range (science instrument suite)
< ~ 1000 (Tunable N-B imaging)
1** Generation a) Wide-Field & Atmospheric Dispersion a) Secondary set (Nass/Cass/AQ)
Instrumentation Corrector system b) High-Resolution Visible & Near-Infrared
b) Deployable single-spaxel and Integral- Spectrographs
Field units, coupled to a suit of spectro- ¢) NIR/AO Science Instrument
graphs, for simultaneous full-range spectra d) Mid-IR New-Generation Instrument
spectra of thousands of objects Ready to accommodate:
¢) Wide-Field Imager (Tunable Narrow-Band) (i) Artificial-Star System & Adaptive

secondary mirror

(ii) Guest & Replicated Instruments

Fig. 6. Examples of detailed Magellan proprietary drawings and design updates. Some potential upgrades and opti-
mizations are also shown: a higher building (for better seeing at SPM), wind-flow optimized dome, top-end of telescope
optimizations for a wide-field secondary of WFT and low-emissivity SFT.
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First complete spectroscopic survey of the
Universe of 8Gyr
Solving the problems of dark matter/energy

Measuring galaxy clustering without bias

Studying early universe using quasars at Zj
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Making the galaxy map at 8Gyr ago
Discovering new galaxy clusters & large-
scale structures

Studying their evolution during 8Gyr

Testing cosmic inflation using density )
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@ Qrontier Proposal

19
20
21
22
23
24

25

\

27

Current Limitation

SDSS

DESI

0 02 04 06 08 10 12
Redshift

Limits on telescopes & technology

Bias due to the color/type selection
Insufficient for coherent understanding of
the Universe

14 16 18 20 22

Needs large optical/NIR spec. survey with
large telescopes

Needs spec. data @ r=22-23 (J~22)
10-23k galaxies per deg?

J




@ Qrontier Proposal
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Chemically Peculiar Red Giants
R at Nearby Galaxies
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+20 —
ST T B iy L 0 (B = V) ® Giants at nearby galaxies
- Kinematic mapping of galaxies
® Age of Universe & early element abundance ® He-rich stars - Metallicity mapping of galaxies
® Formation time of disks & halos - Differences on Helium abundance
® |ow-mass tail of stellar IMF - Star formation & chemical abundance ® Galaxy formation study from galactic
® Host stars of habitable exoplanets structures
® Metal-poor stars
® Aims M-dwarfs with r<22 within 2.5-15 kpc - Chemical abundance due to the SNs ® Understanding the formation of Milky Way

\ (c.f. LAMOST: r<19-20) ) \ Stars formed at the early Milky Way ) \ using the comparison )




@ SSG 2023

PAST, PRESENT, AND

NEAR-FUTURE

Dec 2019 -

Jan-Sep 2020 B

Aug-Oct 2020

Initial discussion started

Discuss on main survey
Start writing a brief white pa-
per

KASI preliminary study pro-
posal:

Pre-Study for a Large Korean
Spectroscopic Telescope

(PI: Arman Shafieloo)

Discussion resumed
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KLST WORKING GROUPS

Stellar/(Exo)Planetary Sci-
ence

Extragalaxy/Cluster Science

Large-scale Structure/Cos-
mology

Telescope/Observatory/
Instrumentation
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Shafieloo, Anthony Carr( M=% ), Benjamin L'Huillier( M[ZCH ),
Cristiano Sabiu( MEA|EICH ), 3%, M (2S2tstR ), Mo-
tonari Tonegawa, Stephen Appleby(APTCP), ZZ%t (KAIST),
H33| (PSU)

ams, Ol55, SHEE, 982, o|sF, oK% (HEH), BMH,
ojdd (2|lAH0|2 ), AEs, BfdF (etetA A8 ), 223 (
=A+3 ), g8z (22E), A8 (2=87|gd ), Tot2

/I R " N\ _-—llrEl 7 Al <= 11



rLarge Telescope
Wide-field MOS
Optical/NIR
_Flux-limited

@ Qrontier Proposal

Surveying objects with r~22 without bia
(1hr-exposure, R~2,000)

1. Measuring spectra of stars within
Milky Way up to r~22

2. 3D mapping of ~100M extragalaxies
up to past 8Gyr

3. Unexpected discoveries!!!

S

J

_Southern Hemisphe

* Originality compared to
other planned surveys

* Synergies with Korean community-
associated facilities (GMT, Gemini,
VRO)
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Focal Plane Scenario for 1 <10 m KN

13963 fibe

rs used
o |

60

......

Low-/High-res at Once 1.

or D * 14,000 fibers
T - (11,500 low-res + 2,500 high-res)
g 2
Z : - 125 x pitch diameter
g : « 8 mm pitch > 1.000 m diameter
;T - 1.8 deg diameter -> 0.154mm/"

|
S
o,

« 0.8" seeing > 123um core fiber
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Focal Plane Scenario for 2x65 m KN

7015 fibers used

ot = > 1 Low-/High-res at Once 1.
W N1 - 17,000fibers per telescope
g AR ¥ (5,750 low-res + 1,250 high-res)
% ’ * 89 x pitch diameter
g 12 * 8 mm pitch - 0.712 m diameter
g - - 1.8 deg diameter > 0.110mm/"
N 1 - 08" seeing > 88um core fiber
—40 - —

—40 —20 0 20 40

X-position [fiber distance] 713



Concept study for the telescope ""S'

Gregorian - M1 10 m

INFINITE CONJUGATES

EFL -39062.2281
BFL 99.9969
FFL 0.1056E+07
FNO -3.9062
IMG DIS 100.0000
OAL 14675.0004

1!1‘5'7‘ PARAXIAL IMAGE
N . N HT 599.9999
5% 2083.33 MM ANG 0.8800

ENTRANCE PUPIL
New lens from CVMACRO:cvnewlens.seq Scale: 001 DIA 10000.0000
THI 11500.0000

. EXIT PUPIL

LeO SPACE DIA 374.0915

Leading edge Optical Solutions THI 1561.2814 1 1 l1 3



Concept study for the telescope Ky

Gregorian- M1 6.5 m

ATy

/

INFINITE CONJUGATES

EFL -32551.8608
BFL 99,9992
FFL 0.7232E+06
FNO -5.0080
v IMG DIS 100.0000
11.8m OAL 12208.2348

N " PARAXIAL IMAGE
i i HT 500.0000
1666.67 MM ANG 0.8800

— ENTRANCE PUPIL
New lens from CVMACRO:cvnewlens.seq Scale: 0.01 DIa 6500.0000
THI 11800.0000

: EXIT PUPIL

LeO SPACE DIA 297.4354

Leading edge Optical Solutions THI 1589.5495 1 2/1 3
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