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CCAT Presentation at SPIE 20

Telescope

Parshleyet al. Postedl 4147144 Austermannet al. 141565 =250
CCAT: Final Assembly of the Fred CCAT: The focal plane arrays of the

Young Submillimeter Telescope (FY TIS’rlmeCam submillimeter receiver

[da)

Chapmaret al. Posted 4156156
Freundtet al. 141566 CCAT: Development of an MKID arrp

CCAT: leb characterization of the || for @410 GHz module
EoRSpec instrument module

Higginset al. Posted 4154211
CCAT: Using a laser metrology system
for mirror panel alignment

1%

Chapman et al. Talkd415654

Patelet al. Posted 415697 7/10 9:10 Room BM3
PrimeCam CCAT: Optical design of the 410 GHz| CCAT: Characterization of the first K|
PrimeCam module array for the PrimeCam 850 GHz
Vavagiakiet al. TalkL41563 module
CCAT: The Prir@am Instrument for | | Burgoyneet al. Posted 415699
the Fred Young Submilliometer CCAT: LED mapping the first sciende Patelet al. Talkl415662
Telescope: Overview and Status array at 850 GHz 7/10 13:20 Room B#/3
CCAT: Readout power and frequeng
Kelleret al. 141564 Xieet al. Posted 4156101 optimization of the 280 GHz
CCAT: Design and characterization pf CCAT: A twoctave 1.024 GHz KID | | instrument module Al and TiN KID
the 350 GHz Instrument Module NB I R2dzu X 2y wC{|3Arays
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TheFred Young Submllllmeter Telesco(jéYST) IS arﬁeter
diameter, high precision telescope located at 5600 m elevation on
CerroChajnantonn the Atacama desert region of northern Chile:
ANovel telescope design, large field of view telescope
AExceptional site glves access to short submillimeter wavelengt
astrophysms that Is not p035|ble from lower elevations:
GCKS KAITKSAU 020 BXNDKI 2NBlz SOV (
A Coordinated legacy surveys will yield answers to fundamental
guestions in cosmology and astrophysics

ng(gnls 40 meters hlgher'
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CCAT Science: Evolution of the Unive

Dark Energy
Accelerated Expansion

¢

Afterglow Light
Pattern Dark Ages Development of % . CCAT
375,000 yrs. ,, Galaxies, Planets, etc. ¥y

Inflation

about 400 million yrs

Big Bang Expansion
13.77 billiziv'years

C Trace the growth of largscale structure and fundamental physics through
studies of massive galaxy clusters



The CCAT Science: Origin of the

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of CCAT

375,000 yrs. / Galaxies, Planets, etc.
! T u“’ﬂ C Reveal the
PR P processes of

Inflation_ a, ‘? & .‘ , ' - J' _ star
g 4 ‘{ g T e e [ formation in
F‘*"L ‘f"‘i"’ .L-_.,..‘ T - - e

the Galaxy
and nearby

ﬁ
.' ’;
1« s igs
T TR e

Flu?t::i;‘ions ! _'."...‘.- M '4 o~ ._ L. .*\.A- | gaIaX|eS
- e S through
SpeCtrOSCOpy
about 400 million yrs. ' ' and
Big Bang Expansion . p0|arlza'[I0n
13.77 billion years studies

Greatly improve searches for primordial gravity waves from the inflation:
epoch through deep submm polarization measurements of the CMB
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CCAT

This is mostly largsecale mapping and low
surface brightness scienemabled by:

U A large field of viewHo\) telescope
U Sensitive, largéoVinstrumentation

U A high surface accuracy, low emissivity
telescope

U An extraordinary submillimeter site
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The Fred Young Submillimeter
Telescope (FYST)

6 m offaxis submm telescope

A Exceptionally wide field of vie
up to 8 @ 3mm wavelength

A Exceptionally high surface
accuracy<10.7nm rms

A No blockagee < 2.8% which
optimizes systensensivity

A Fast scanning: 3sec minimizing M
sky/detector noise i

A Exceptional site on Cerro

Chajnantorat 5600 m elevation |
A State of the art widdield Unsurpassed performance for wid

instrumentation fleld low surface brightness scienc

Manufactured by Verte”Antennentechnilgmbh
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IS the extra 600 meters worth 1t?

Cerro Chajnantor/Plateau Mapping Speed
Top three weather quartiles
Median simultaneous PWV: a3 <c

Chajnantor = 0.6 mm
Plateau=1.0 m

500
Frequency (GHz)

1/ FYST site at 5600 m

.,_\‘

Chajnantor
plateau ALMA
site at 5000 m

Giovanelli et al. 2001 PASP 113 80:

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagerradiord and Peterson 201gub.
: Astron. Soc. Pacifid28: 965.



FYST Optics: Field of View

Instrument
Module

Y &= e
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Crossedragoneoptics

Strehl> 80% _
Parshley et al. 2018SPIE10700E..41p M- Niemack, 2016ApOpt..55.1686N

C Fieldis splitint@t A y & 0 NHzYSy ! aFAff SR F2OI f
Y 2 R dzl¥ 3edasonabled5 cm diameter 3 mm 1,300 1.0fbeams

windowsU 1.3 FoV 2 mm 3,000 1.2flbeams
C Each module can have entirely differer 1 mm 12,000 1.@fbeams
configurations: e.g., 0.35 mm 98,000 1.6fbeams
cameras/spectrometers Or well over 100,000 beams!




Instrumentation Enables the
Science

ZAN

CHAI Galactic Ecology 455495, 800820 GHz MTQ E yoR8064
[CHAI (TH2z)] Mini-CHAI 1.41.5THz 1 beam 23 1
PrimeCam kSZ Galactic 280, 350410, 850 GHz o xliameter

) >5.9x10
Cameras Evolution
PrimeCam LIM/EoRSpec 210420 GHz 23 1.3
1.2x1¢
Spectrometers

PrimeCam

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



Comounted Instruments

im | Cutaway

Prime-Cam
Instrument Station1

CHAIlnstrument Statior2
Retractable tertiary

One instrument at a time, in campaign mode:
limited by power requirements
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Prime-Cam Survey Flelds 5

Wide Field Survey (WFS) (White Transparent Band) Galactic Polarization (GalPol) Survey Fields s
Galaxy Evolution (DSFG) Survey Fields ———— Time-Domain Survey Fields )
Deep Spectroscopic Survey (DSS) Fields e

T

NGC 1333
erpens-M/S

Ay s

Aquila

p......... ..

GAMA 9 o ‘""
"~
COSMOS / GAMA 15
GAMA 12 3\13 v : -
~ . M17
oMC 2/3 4
NGC 202 . = Ophiuchus
NGC 2068 a” - (TD)(MF)
Orion A \
Pyxis Lupus |
‘ Pipe

’ "gg_{_...-«‘?' Galactic Nebula
Musca Center

A Wide Field Survey20,000 )¢ A Selected Fieldg CIB, Galactic
CMB & SZ000 hours in 5 years & Transient science

A Deep Spec. Surve?24 )¢ LIM  ~ 2000 hours total in 5 years
4000 hours total in 5 years



Science Plans
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SZ Science

C Galaxy clusters affect the CMB through the
SunyaevZeldovicheffect:
U Thermalg tSZ total cluster thermal sz (10 kmis)
energy e [
U Kineticc kSZ movemeniv.r.t. CMB 010/ gt
U Relativistiog rSZmean T of scattering
electrons

C Focus on 28@50 GHz bands
complementingAdvACTand planned SO :
to 280 GHz surveys

FYST bandsCAT

0.20

0.05F

A|52 (MJYfSI’}

0.00 e e

—0.05F

—=0.10

A High frequency FYST observations are critj [ separate SZ compon
andfor removing dust foreground®oth 280/350 modules forsLlight!
A Yield constraints on:
- Parameters that govern the growth of structure in the Universe, gg. |
RIFNJ] SYSNHe@& Sljdzr A2y 2F a0l Sz
- Role of AGN in heating int@uster and AGN/SF feedback



Search for Gravitational Waves

C Detailed CMB observations of temperature and

polarization constrain cosmological parameters | 7 |/ o
that determine large SE:aIe structures.g.H,, . | N N/
Wh?, W, W2 | 3SX

C PrimeCam on FYST will improve constraints on | /S N\ |
the amplitude ofprimordial gravitational waves  ~\_ s-0 \ J se0 /S
GKFG I NB A YLINFRWRBDR LB — | NG

C B-modes are predicted by inflationary theories
ONAUOAOIFE 02 dzy RSNE I y Riatettmt Epodes \dilLJd:

scale structure including horizon and flatness  St& the same on
reflection, while a
problems, etc.

negative Bmode will look
C Detection of primordial Bnodes would be like a positive Bnode on

fundamentally important! reflection, and vicerersa.

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen
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SO-SAT only = r(SO-SAT only) = r(SO-SAT+FYST) SO-SAT only
= 275 E 0.01{ — ASO-SAT only) = r(SO-SAT+FYST)+0.0011 SO-SAT + FYST
1= 25.01 & ‘
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g 15.0 5 |
c
0125 o !
I
10.0 : ; ; : -0.005 0 0.005 0.01 -0.005 0 0.005 0.01
14 1.5 16 17 1.8 19 Tensor-to-salar ratio, SO-SAT+FYST Tensor-to-salar ratio, r

Dustspectralindex, By
EiichiroKkomatsu
C Dust foregrounds complicate measurements the cosmological tetasscalar
N} UAZ2Z aNE

C Dust parameterg ( , "Y) constrained withmuli-l observationsenabling effective
removal of Galactic polarization.

C A nonzero tenso#to-scalar ratio] * 18t 11 8 expected in inflationary models
C Without FYST the bias in the r is ~ the expect sigpal= (1.3°2.8)3 103

I C With PrimeCam the bias essentially zeralggsar.eyst (0.2°2.7)3 103
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Overall Goal

C Trace the evolution of star and galaxy formation as Imke&’
dzy RS NI & A y 3 chimNbizi dINEEY (0KKSS aS LJ:
reionization through cosmic noon

C Need large scale tracers of the
U{ 41 NJ ayarogezE GG NI 2
cm

U Star formation:Ha 656 nm,[Cl|]
158mm

U Structure:from the galaxy sizes
to that of cosmic web over
densities

iUNeed3R YI LJAY - X

C A variety of tracers over Mpc
to > 30MpcscaledJ <
arcminute to degree scales

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



Deep Surveys, Large Fields

C To map individual galaxies .
(arcseconds) over degree
scales Is impractical

C Largest telescopes have
small fields of view, and to [
use them it would be |
prohibitively expensive
time wise

We need a 23 2 field for
our science2500x larger JWST ' ~
than the SMACS 0723 fieldPMACS 0723 Ao S

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



A Practical Approach ﬂ
<

C Fortunately, the predominant sources of reionization areccar
smaller systems that are quite faint but very numerous

C A practical approach emergddap the aggregate signals from
these faint sources.

C ThisLine Intensity Mapping (LINechnigue is easier to effect:

U Dedicated highly multiplexed spectral/spatial systems tuned to
spectral lines at appropriate redshifts

C A variety of tracers (e.g. HI, C@&)idver 0.3Mpcto > 20Mpc
scaledJ arcminute to degree scales

CWe chosetofocuson[CB A K whLLL8 FyR /

CFor [Cll], FYSTisidedalKS o0 SFY X UM.2%YMpc& n
z ~ 8 (210 GHz) & modules witt8 fields of viewd 25 Mpc

C Our fields (ECOSMOS, and@DFS) are the most extensively studied
deep extragalactic fields

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



A Visualization of the Data

C EoRSpec Fabry Perot
Interferometer Anirban
U RP ~ 100, Roy
U n:210¢ 420 GHz
U35<z<8in][Cll]
U 2 x4 sg. deg. field

C Translating:
U 2 field is 36Mpcon a
Sideatz~8
U Beam =0.25 Mpc in X & ¥}

U Vel Res. 199 24 Mpc in
or 9 million years

C Reveal the growth of galaxies and laigmle structure over cosmic tim

U 3-d measurements of the advolution of star/galaxy formatiofrom
redshift 8 to 3.5¢ the Epoch of Reionization through to Cosmic Noon

U [ClI] tracks star formatiotracing both thereionization procesand the
underlying and evolving Cosmic W¥btraces the growth of structure:
reflecting the fundamental physicsBfl NJ| Y I G40 SNE Dw

plane of observation



A Difficult Measurement “
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g Not likely to dlrectly Image structurés detect structure sizescales in the
Fourier domain

C A very challenging program need to maximize sensitivity and pixel cour
(spectral spatial) in the systenY we chose an imaging FPEoRSpec:
U Instrument predictions in dashed lines: no current competition at z<

C EoRSpec on FYST promises to be a very competitive system at all targ
redshifts






CHAI: 64 pixel, 2 frequencieﬂ
2

CCAT

ALFA455495 GHz anéiFA:800-

820 GHz CHAI's 8x8 pixels
_ overlaid on [CII] map of
ATargeting: horse head nebula

ACO 43 and [CI] 90 and
AQO 76 and [CI] 2L

ADSB noise temperature< 100K
@490GHz and < 200 K @810 GH

AVelocity coverage:22500 and 1500
km/s

Designed for large scale mappi
of velocity resolved spectral line

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



Galactic Science with CHI

A Velocity resolved imaging of the Galaxy in submm [CI] andJr@@® lines
A mpé AYIl 3A Y)ScaRgZSoD: Hofthe Milky Way, LMC, SMC:
i [CI] tracing gas temperature and magsi N> O1 Ay 3 da/ h RIF NJ
I Mid and highJ CO &3CO tracing gas excitation, shocks, density and mass
A Tracing accumulation and flows of gas into cores and young stars.

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen




First Light Science Goals

C PrimeCam
U Test mapping strategies

U SZScience, CIB galaxy evolution in Deep56 patch and selected
Herschel deep fields

U Polarization studies of Galactic molecular clouds and star
formation regions; overlap with SOFIAAWe (farIR) fields

GwSF OO G2 GFrNBSOGA 2F 2LIJI2 NIdzy A
protostars

C Mini-CHAI
U Test mapping strategies/measure high frequency performance

CECIJ(/CO mapping of Galacstarformationregionsg address CO
molecular cloud science

U Demonstrate sensitivity and stability with extragalactic
measurements including redshift 1.3 [CII] observations

9/15/2026
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Instrumentation with Status

CCAT/FYST: SPIE 2026,
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Prime-Cam overview

C Design drivers
U Uses the 4.5heartof 8 FYST FOV
(i Modular approachy path fornext generation
technologies
C Initial module configuration
U 4 polarization modules funded:
280, 350, 410, 850 GHz
AMike Niemack(280, 350 GHz) lead :
AScott Chapman (850 GHz) lead 5\
AEve Vavagiakis & Chapman (410 GHz Ie/,5
U R=100 spectrometer module 21120 GHz S '
funded (possibly 2):
AGordon Stacey lead

C Future onchipspect (90¢ 180 GHz)
AAbby Crites lead

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



280 GHz array fd?ri

Prime-Cam: Detectors

280 GHz Al arrays

Inet TiN
C Kinetic Inductance Detector (KID) arrg e

(NIST)

MIKIID Equivalent Circulit

b

O | O
v T

O
/Inductor isa

Superconductor!

C 3,500¢ 20,000 detectors per camera

C Arrays tested within Prim&€am and
ModCamin Niemack lab

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen




Prime-Cam: Cryostat

A Manufacture: Redline Technologies

e R

Thwom’as. Nikdla, Yu'han Wag, |
Lawrence Lin and Mike Niemack
Arrived January 2025 shipped to

CCAT in < 1.5 years!
SPIE 2026, Copenhagen




Prime Cam: Arrival in Late July @

CCAT

C Shipped and on its way to FYSTx
C Now in the Pacific Ocean

.....

C Expected at site in late July

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



CtL LYI 35R{ wmm”

Stepper b | Flex stage CCAT
/ Scanning

motors S\ e
7< . | Vpl Jte
\ | Fixed plate m— "
\ \\ / 210315 GHz Array
" NSF ATI funded ST

C Known, high efficiéhéy technologies

C Array similar to cameras: but polarizations tied | feedh
together and a somewhat lower NEP Al teednhorn array
requirement

C Designed to have finessel to achieve near
uniform resolving poweusing gicon
substratebased mirrors




FabryPerot Fringe Selection, Spectra
Multiplexing, and Scanning

Redshlfted 1.9 THz (158 pm) [CII] Line

z=9 8 6 3.5 =9 8 7 6 5 4 35
1.0 [ ] Bandpass 1?' I S S 1 ) i _
W * lr , m PN filters /\/\/\/\1
10| %
0.8 ’,V| ‘ 1 K = 0.8
|1 o
/ H ‘ l | | Atmosphere W06
0.6 ~ J 1t Detector bandpa ()
{ l ‘ f ! | - Detector bandpa
\ 1 | silicon ARC n 0.4
0.4 - » H H—H 2nd/3rd Order -
‘ | ‘ | ~ FPI fringes E 0.2
L =
D.2 | 1 ‘ ! Hi |
’ ‘ ‘ 0 - L] L] L] I
, 1) J | \ | 180 230 280 330 380 430
%0260 250 300 350 400 450 Frequency (GHz)
Freq [GHz]
Features

Observing Technique

AStart @ 210 and 315 GH?9&
3dorder)

ASpatially scan on sky

AMove FPt spatially scan again
need ~ 10 spectral steps for full

A Natural spectral multiplex ¢ -
40 GHz, or 35% of total B\

A 2 (1) KID array @and 397 ——

orders sorted w/ BP filter

A Beams (2) modules is: 691 |
(6144) @ 280 (350) GHz

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen




EoRSpec Status: Expected Fir
Light in 29 Quarter 2027

C First low frequency array LEDapped at NIST Rodrigo Freund
U Reveals/checks tonpixel IDs EoRSpec LF Array

Hec2yS GO2ftAAARZYAE Y 1-
C Capacitor trimming increases pixel yield to > 95, ==

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen 35



FYST timeline ﬂ :~
C/ St SON SR aO2YLX SUA 2
Germany

C Shipped major components beginning in
September 2024

U Mirror shipment delayed

C Major telescope parts arrived in the spring
of 2025

U Mirrors begin their journey in the summer
C Assembly at site in the fall of 2025

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen



April 20, 2025

Reconstruction
begins!

9/15/2026




Yoke Arm Assembled: June 6, 20

d Azimuth motion
demonstrated!
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G 15Nov / o 15Nov = 15Nov

\ | I | B = | | /

Installation of the FYST yoke arms on 10 Nov (top) and 15 Nov (bottom). Notice the yoke traverse
was rotated 180° between the two dates. Nov 2025
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February 22, 2026

9/15/2026 CCAT/FYST: SPIE 2026, Copenhagen 40






Inaugural Event: Attendees at the Summit
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