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Cosmological Problems

Cosmlc expansmn

Hubble ten5|on
[B/NSF/AURA/J da Silva

Early Route

¥ - Flanck CME

8 - Atacama Cosmology Telescope « WMAP
© BAD baryon density from BB nuclcosynthesis

@ = DES clusierlig + BAO + BB rudeusyntiesis (\COM'
£ ~ Superrovae i calitrated by BAU (Inverse Radder’

Late Route

« B -Gravitational larsing time ddays (HOLICOW)
B - Suparicvae la + Cophoide - :
# - Sepemovaela ~ TRGB (average)
¥ - Sgpamovae la + Miras :
¥ - Water masers around supermassive black Foles
R - Tully-Fighar relation for splrals (Cocmiefloms-t)
©  serface Brightness Auctuations in.Elliptical Galaxies

Credlt Claire Lamman
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e Large-Scale Structures: A “Dynamic” Universe

Cosmic tug of war Credit:Volker Springel

The force of dark energy surpasses
that of dark matter as time progresses.

Credit; DESI/Claire Lamman
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e Matter Clustering: Power Spectrum

 Dark energy:
Baryon Acoustic Oscillation
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@;ﬁ Cosmological Probes

Snowmass report
2021

© 2022 Jessie Muir
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3D Galaxy Map

_&;.--' - sem = -

-

- & .. o\ - .-
H B R E R NN E S s R N E EE N E e .

-~ "._ ? |
o ¥ o :
- ' T ,
- - .
. c N iss i
3 4 A3 s 1
..J. . . a
£ ARy 3
=) amASIE 3 2 { {
S .
'y F z 3
o 5 : R A T Y " h v
= ety L . g . ;! )
-— - ‘s o it i . b‘,.. " f A
- o oS 4 ) 1 g
1 - . » B
> ¥ /

e
TR SRS, l‘\-/.. ;_ s $
ey Sl L".\w‘-"r':ﬁ'

- ——"10000
=00

The optical sky is a data cube: 0 X ¢ X r

Credit: BOSS/Jeremy Tinker




MUItiplexed

i Galaxy Spectroscopic Surveys — Stage /Il

RIHER DT

Stage l/lI
SDSS l/ll: confirm DE

Duration: 2000 — 2008
Aperture: 2.5 m
Fibers: 800

Spectra: 100k

Credit; SDSS/Anand Raichoor

Redshift = 3.5

2.2

150 100 50 Lockoack time = 12.0 Gyr
R.A. [deg]




MUItiplexed

i Galaxy Spectroscopic Surveys — Stage |l

RIHER DT

Stage I
BOSS/eB0OSS: precise DE @ z<1

Duration:
__Redshift = 3.5
Aperture: I
Fibers: o S i,
R

pectra AR &&\
=N

Dec. [deg]

-Gk
Lockback time = 12.0 Gyr
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) Galaxy Spectroscopic Surveys — Stage |V

Credit: DESI/]Joe Silber
=
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Stage IV
DESI: precise DE @ z<3

® Duration:
® Aperture:
® Fibers:

® Spectra: R Credit: DESI/Anand Raichoor
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+10 million stars
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1l g DESI DR2 Results: Evolving Dark Energy

; : ® Dark Energy Equation of State:
Cosmological Constant
0.0 === =g e T e
: ~ PpE
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< —1.0- i ® Evidence of Dynamic Dark Energy
§ 4.20
—1.5 - i
I E DESI+CMB+Pantheon+
' DESI+CMB-+Union3
—2.01 mmm DESI+CMB+DESY5
~1.0 0.8 —0.6 —0.4 |
DESI DR2 (2025 w Somethirg hus togice.



https://cmlamman.github.io/

® Parameterization of gravitational

potentials
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® General Relativity is still safe with
the combined DESI + CMB

—1 ' I
i constraints
—0.5 0.0 0.5 ® DR2 results to be released soon In
DESI DR1 (2024) 2() this year
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DESI Results: Total Neutrino Mass
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® Normal Hierarchy preferred in ACDM:. Z m, < 0.064eV (95% CL)

® “Negative” neutrino mass: hint of tension between cosmology and neutrino oscillation
experiments
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fl: Galaxies with Spectroscopy

RA,Dec = 327.7751, 2.0429, zoom 13 ' _ Images

+ (O Legacy Surveys DR10 images

+ O . ‘ + (@ Legacy Surveys DR9 images
0 5 . TN + Older Legacy Surveys
: ) " + (O unWISE W1/W2 NEQ7
N . . . + More surveys
. : Overlays
+ Boundaries
. . . + Imaging catalogs
: : ' + Spectroscopy

+ DESI
+ Bright Objects

()

= o JNGY

0 Brightness: 1 . ' .
. https://www.legacysurvey.org/viewer,
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T Galaxy Survey Timeline

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038

DESI-I

|
Spectroscopic P st &

Blanco / DECam + NEWFIRM
Rubin Rubin-2
Imaging —

® Major opportunities in cosmology: massive galaxy surveys and datasets

® A critical 5-6 year window for us
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e MUST: Next Generation Cosmological Survey

For the

An International Collaboration
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o R Overview of MUST

e MUST aims to carry out the world's First Stage-V spectroscopic survey for Cosmology and create
the Largest 3-D Map of the Universe.

e MUST will constrain cosmological models with unprecedented precision and strive for
breakthroughs in aments ysice ems, such as the primordial condition of the
Universe, the origin and evolution of Dark Energy. and the nature of Dark Matter.

6.0m Primary 20.000 Fiber Positioners

2.l|m Secondary MODULAR Focal Ptane

16m Lens for WFC 40 Spectrographs
037-098 micron
Jdeg? rov
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) o Project Progress

Preliminary desigh completed for all critical sub-systems; contracts signed
or partners secured. Some sub-systems are entering fabrication.

Wide-Field
Corrector

Focal System
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@ o Project Progress

| ~ Assembly workshop in Jiangyin In operatlon
MUST Focal Plane (FF) System Block Diagram  NOT To Proportion
------------------------ -Finished and already put to use. B

FF.05 Metrology Camera Assembly : FF05.2 M2 Interface  FF05.1 Fiber

View Camera 1
FE04 Enclosure : : bl . 2
pbsters s_M-T—.Z__-.‘___;;; ________ ; Will become a full optical
CURFDGT FF03 Hexapod & I
- Ercoswe-)_ Darsiato Mkl L2 Focal it mechanical assembly center.
LI TrepTyein (i
Electromc Control :-

, FFD3.1 Hexapod
FF04.2

' . ) ----m-=-t- i Focal Plate
T ’.“f".c.”f‘f"_"_. |

+ Positioner Module

‘‘‘‘‘
' T

---FFIZ36FA |
. FF02.4 Fiducial !

L e e TR ORI e """ e & O TOEETUeaaaSaaSEEEEEEEERS.. T ST B0

) ) .. v v N | & 1
rr.06 Focal Plane Cables

FF.08 Control System
FF.09 Assembly & Integration Prlmary m"“ror
Spectrographs Spectrograph Room
I - 6.3m SiC mirror: passed the preliminary design review and is
being prepared for casting.
iber S -Collaborating to design and test the reflective coating and the

pratection & cleaning procedures.
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@ Lo Project Progress

- |terating the design with EIE, especially the
equirements for the spectrograph rooms.

MUST Focal Plane (FF) System Block Diagram  NOT To Proportion / Dome

FF.05 Metrology Camera Assembly . FF05.2 M2 Interface  FF05.1 Fiber ;

b —p— Vo s - Now, MUST's dome will be part of a summit facility
Steverss e | with anather telescope.
. UJ Hexapod &
. Enclosure -, Derotator Assembly FF'UESZ%‘;&FI“E
Enc - ) e
' FFO42 . _F{D_aj_l_lc_x?go_d_; o Focal Plate 5
, Thermal Cortrol - g 22
e« 77 Mount & tracking system
- FF02.4 Fiducial ;.ﬂ, 1
4. FFO25 Adaptor : S
""""""" - Passed the PDR. 1
Mount . L 14
- ‘oor " ldentified  few critical interface (i
FF08 Control System Issues with the Focal Plane ?ﬁ
S Systems (maostly the fiber route).
Spectrographs Spectrograph Room Will focus on them next year.
— - Low on-Site temperatures are a

significant challenge.

Fiber Slit
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) e, Project Progress

MUST Focal Plane (FF) System Block Diagram

FF.05 Metrology EameraAssemblyéFFﬂS.zMz Interface 5 . _|ghtwe|ght processmg

FF04 Enclosure 5 % 5

. Josembly - | 1as hegun at our
langyin facility.
e design for the

supporting structure has
finished.

Enclosure --..:

. FF04.3 :
 Electronic Control- ..

FF04.2

 Thermal Control -+

- Lens blanks have arrived; Begun to shape ¢ [enses.
FF.08 Control System - . . .
- Enter rg d more detailed design phase.
l
Spectrographs Spectrograph Room l

-.-.*,;' -

¢ "QW"3¢
f&;e :

Fiber Slit
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1R oo Project Progress
., Optical efficiency

MUST Focal Plane (FF) System Block Diagram  NOT To Proportion ot ] =
3 - =
FF.05 Metrology Camera Assembly FF05.2 M2 Interface ~ FFO5.1 Fiber : D ome g g o
' — View Camera ; 0eq [/ ? e
FF.04 Enclosure : \ : £ e o
n¥ O\ ) E
R} FF03 Hexapod & S —=an
Enclosure --. . . Derotator Assembly FF.02 Focal Plate 0.1 1 B ':é::
s o, 4 0 essmsssacea Assembly . . — o
é Electr’;i[ilg.gonh'ol.é. . | E FF03.2 Derotamr\: P -F;:[-]?:]- o 'E 035 04 045 05 055 C6 v?'.;ss 07 €7 05 08 09 095 1 A A SRas R cs A w‘;i:.m}’;‘m) AAGameanaaeeanans ”
: FFMZ E . ‘\\‘\ ----------- E . FO Cal Plate E Figure 31 Ead-to-End througaput of the spectrograph system. Figure 20 FWHM spoctral resolution for the ideel system of different FOV.
E Thermal Control | . ' . FF02.2 : ‘ ..... 4
_________________________ : Positioner Module FoHCRIRI] ,'r~";:3;--.. —~ T
. - o JEtector
S -3 FFO2A Fiducal - Purchased for 12 spectrographs.
s Fibre Cables 4. FF025 Adaptor - Cryostats

FF06.3 O T . . .
Electronic Cables:. - ... Mount - |dentified patential collaborators in
1l s | hina; Bidding starts soon.
FF06 Focal Plane Cables u 02 Floor ( ! d, Bidding Starts soo
FE08 Control System = ”F;U“;“jm; - Using a state-of-the-art cryocooler.
FF.09 Assembly & Integration ScuenceFlhreFFDri Fibre System . Need HElp
Spectrographs Spectrograph Room - Fiber Slit; ATI; etc

— - Come up with an independent design; Finished the
- SPECtmgraph Conceptual Optical-Design Review
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@ o Project Progress

MUST Focal Plane (FF) System Block Diagram  NOT To Proportion *Start NS fmm [he TE|ESCODE Interface

FF.05 Metrology Camera Assembly {FF05.2 M2 Inferface \I;Fusg Fiber 5 dna the Fl be [ P 0 Sltl 0N l 1 g M 0 d U | er

" hesembly wE o\ ‘ we now have a conceptual design of the
Erchlgt;Jre f Dgﬁiﬂfﬁigg?nﬁly FF.UE Focatl]lPlate Fﬂcal Plane SyStem

:Electrii?é"gontrol.;. ’;FF %ié]-[l]l;”-“{a-“;drf 9;90:11 Y

l ..  TH03.1 Hexapod :..- Focal Plate

NN b . L Focal system

Position

PPHHIZ36FA |
2 FF024 Fiducial !
- FF025 Adaptor

Hexapod Guider &
Derotator M1 Adaptor

Focal Plane
Enclosure

Focal Plate

' ]_ _l“‘;ll_l | _ ]_'; 1

FF.06 Focal Plane Cables FIOOr
FF.08 Control System

Fr.U7 Assembly & Integration

)

\

LY

Spectrographs Spectrograph Room
I

AAAAs

ik eke

Cassegrain
Cable Wrap

.i\ .
aAhAn

\

Elevation

o Axis Cabl
Fiber Slit Coite

Fiber Positioner

Modules

Electronic
Control Box
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o Robotic Fiber Positioner

- -
PROTOTYPE < SM ALLEST theta-phi fiber positioning robot

f

MUST >

A FRUITFUL
COLLABORATION

- We aim to build an international
collaboration around MUST.

- We are thrilled with the scientific ; 928 2 20 2
and technical collaborations with R 376 6 5o P
CPE| . \

lllll

P 7 o

Credit: Jean-Paul Kneib/EPFL

MOST POWERFUL

multi-fiber spectroscopic capability

WORLD'S FIRST

Modular Focal Plane for
Spectroscopic Survey

e Enabling high survey efficiency

>20,000 Robots
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Priminary Mirror
System

Secondary Mirror
System

Corrector System

Telescope Mount
System

Focal Plane System

Spectrographs

Site

MUST Project Timeline

2024 2025 2026 2027 2028 2029
10{ 11| 12| 1| 2| 3| 4| 5| 6| 7| 8| 9| 101112 1| 2| 3| 4| 5| 6| 7| 8 9(10{11|12| 1| 2| 3| 4| 5| 6| 7 9| 10{ 11| 12| 1| 2| 3| 4| 5| 6 7 8 9| 10|11/ 12 1| 2| 3| 4| 5| 6 7| 8| 9|10(11|12
Preliminary Design Detailed Design
Blank R&D Manufacturing Coating Assy i
Detailed Design { {
Mirror Manufacturing Coating Assy
Support System Manufacturing Installation
Detailed Design {
Mirror Manufacturing & Coating
Structure Manufacturing Installation Assy Assy in Jiangyin ﬁ
Detailed Design -
Components Manufacturing Assy DE'IVEl'y Of the
1st batch of FPM
Preliminary Design Detailed Design
Focal Plate Vendor Investigation Focal Plate Manufacturing
Focal Plane Adjustment and Rotation Manufacturing l Focal Plane Assy
Fiber Positioner System Design & Testing Vendor Selection Manufacturing & Shipping
Fiber test preparation Fiber Testing Fiber Manufacturing
Focal Plane Metrology Testing Focal Plane Metrology Manufacturing .
GDC & WFS Manufacturing Ist Functional
C00 &AIR Manufacturing Fu" Spectrograph
Preliminary Design Detailed Design
Components procure Quantity Production
Prototype |
Dome Preliminary Design Dome Detailed Design
Site Design
| Site construction Site Commissioning
Dome Manufacturing Dome Commissioning
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T Advancements: Moore’s Law in Spectroscopy

e Over the past 4 decades, spectroscopic surveys have mapped the 3D
structures of the nearby Universe and yielded many significant
cosmological insights, such as the properties of dark energy.

Stage I/ll: SDSS

® Aperture; 2.5m

* Fibers: 800

® Focal Plane: Metal plate
e Duration: 2000-2008

® Spectra: 100k

Stage lll: BOSS

Stage : MUST

® Aperture: 6.5m
e Fibers: 20,000
e [ocal Plane: Modular robots

e Duration: 2030-2040
® Spectra: over 200 million

Numbel\ of Redshifts

Comoving Volume [h™

o

® Aperture: 2.5m 104 o ® Aperture:

e Fibers: 1000 Cffxl Stage-1V N\ e Fibers:

® Focal Plane: Metal plate 10° S A.pM Stage-I11 “ e Focal Plane:
- -2 1980 1990 2000 2010 2020 2030 2040 ® Duration:

* Spectra: 2.5 millior Year Cz+ (MUST) 2024 * Spectra:
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e Advancements: A Deeper Universe

e Over the past 4 decades, spectroscopic surveys have mapped the 3D
structures of the nearby Universe and yielded many significant
cosmological insights, such as the properties of dark energy.

Stage I/ll: SDSS

® Aperture; 2.5m

* Fibers: 800

® Focal Plane: Metal plate
® Duration: 2000-2008
® Spectra: 100k Ry ¢

Stage lll: BOSS /

Stage : MUST

® Aperture: 6.5m

® Fibers: 20,000

* Focal Plane: Modular robots
e Duration: 2030-2040

® Spectra: over 200 million

® Aperture: 2.5m ® Aperture:

® Fibers: 1000 * Fibers:

® Focal Plane: Metal plate ® Focal Plane:
® [uration: 2008-2019 ® Juration:

® Spectra: 2.5 million Credit: David Kirby ® Spectra:
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LN Target Selection
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e Survey Strategy
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YR e Cosmological Forecasts: BAO

Low redshitt

(conservative)

0.30 0.32

O, [

High redshift

(conservative)

All tracers
(conservative)

[
All tracers

(optimistic)

I8 ACDM

0.30 0.32
O

CZ+ (MUST) 2024




MUItiplexed

LR Cosmological Forecasts: DE & Modified Gravity

| Forecast assuming CMB
SN .
DES| % &) MUST
-
MUST
MUST (conservative)
. Forecast assuming L —
MUST
(conservative) M UST
_ (optimistic)
— -
-
MUST
(optimistic) MUST + CMB
(optimistic)

—0.2

—0.9 0.0 0.9

HO CZ+ (MUST) 2024
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U i Cosmological Forecasts

1 S S L 4084 S— 0.30 p
, 12023 ____ Current (95% CL)
| 1 DES| 0.25 $ DESI+CMB
: 1DESI + OMB MUST + CMB
: 0.20
i {IMUST =3
l —0.15
' Planck 1MUST + CMB g
L . ] L] .
05 1 2 3 5 10 20 30 s 0.10
o (fNE™) Primordial Non-Gaussianity
Stellar stream: GD-1+ Pal 5 0.05 Normal Hierarchy
Lya: SDSS + XQ-100
Lya: MUST [5,000 deg?] 0.00)= e e
Lya: HIRES + UVES Mttt [€V] .
Lensed quasar: JWST CZ+ (MUST) 2024 "iig Neutrino Mass
MW satellite: DES + PS1 . g :
: _ ®
Lya: MUST 10,000 deg? Significant improvements than DESI
“+ qLya: MUST [14,000 deg? ® Call for more science cases
4 6 &8 10 12 ® Mock challenge in progress

myx [keV] Warm Dark Matter
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MUST Scientific Vision:

o To play.a-majorrole in the Stage-V spectroscopic cosmology endeavor.

@ . [o conduct large time=domain spectroscopic surveys.

o To become an international astronomical platform for decades Rﬁome.
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Thank You!




