Cosmology WItif‘ Large Scale
dlarin Etl”)’

R —

Photo: K.Vanderlinde



Outline

* Crash course on CMB cosmology
* The BICEP/Keck experiment and latest constraints on inflation
* Beyond inflation: cosmology with (other) large-scale CMB polarization

* Looking forward

Please stop me with questions!!



Crash course: CMB Cosmology



Modern cosmology in a nutshell

8 |. The universe is expanding. (Hubble, 1920s)

AN & 2. It was once hot and dense, like the inside of
.1 . the Sun. (Alpher, Gamow, Herman, I940s)

" \ 3. You can still see the glow!

CyndiaYu Bob W|Ison + Arnd Penzias






The Standard Model of Cosmology
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\N\t\“ﬁ' he Standard Model of Cosmology

* What’s Lambda?
* What’s CDM?

* Where did the initial conditions come from?

* ...plus some disagreement on the exact parameter values...



CMB Polarization
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CMB polarization offers an additional window into
our universe!

Temperature (smoothed) + Polanisation




CMB polarization offers insights beyond temperature
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Cosmology in CMB Polarization
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Cosmology in CMB Polarization

5000

CEP [1075 uK?)

100

i

ACEF
o

-5000 L \

Planck 2018

Cyndia Yu

I 1 1
1000

1 | 1
1500

Inflation

10

ek
o

T-mode

no

Lensing B-mo

\

de

10 100
Multipole |

1000



Inflation!

CMB
last scattering

fraction
of a second

.

~200 million
years
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13.7 billion
years

Solves the flatness, horizon, exotic
relics problems

Period of rapid, accelerated
expansion drive small initial state
apart

Quantum fluctuations in initial
plasma seed anisotropies that
eventually produce large-scale
structure

New physics at very high-energy
scales

Generically produces primordial
gravitational waves



Experimental challenges

4

10 " ' 30 GHz
|00s of uK
44 GHz
10° |
L
= 70 GHz
=
N
=4 10 5
T 100 GHz (%
o 143 GHz
10
217 GHz
Observer plane
107 g ke |
10 100 1000 353 GHz
Multipole |

Cyndia Yu



The BICEP/Keck Program

Searching for primordial gravitational waves with CMB B-modes



UNIVERSITY




The BICEP/Keck strategy:

B =

-F-

Target the 2-degree peak of the primordial B- mode s
Integrate continuously from the South Pole
Observe |% patch of the sky

* Scan and pair-difference modulation
Cyndia Yu

Small aperture telescopes (cheap, fast, low- syste' 1atic




Focal Plane Telescope and Mount

Beams on Sky

Cyndia Yu

BICEP2 Keck Array BICEP3
(2010-2012) (2012-2019) (2015-)
95, 150,220,270GHz ) 95GHz

|50GHz

-5 0 5
Degrees on sky 5 0 5 10 -5 0 5 10
~500 sensors Degrges an Ek.}' Degrees on sky

~2500 sensors ~2500 sensors



Deepest maps

E maps are bright and

correlated: robust
detection of LCDM E-
modes
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of CMB polarization to date
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Multicomponent Likelihood Analysis

data model =r + ACDM +

WMAP K BICEP2/Keck 150
BICEP3/Keck 95

WMAP Ka Keck 220
10

BB in 1~80 bandpower I(1+1)C/2n [uK?]

. G
N
¥ Y
= &
2| |8 '7 o°
10 “F o
2
lensed-LCDM——
107}
—————————————————————— r=0.01
0 50 100 150 200 250 300 350

Nominal band center [GHz]

Cyndia Yu

+

B B frequency spectral
dust z sync T

spatial spectral

€

A I LW amplitudes @ 1=80

dust/sync spatial
correlation



BK 18 produces the tightest constraints on inflation to date:

PHYSICAL REVIEW LETTERS 127, 151301 (2021)
Featurod n Physic

Improved Constraints on Primordial Gravitational Waves using Planck,
WMAP, and BICEP/Keck Observations through the 2018 Observing Season

P.A.R. Ade,' Z. Ahmed,” M. Amiri,” D. Barkats,* R. Basu Thakur,” C. A, Bischoff," D. Beck,*” J.J. Bock,™
H. Boenish,” E. Bullock,” V. Buza," J. R. Cheshire IV,” J. Connors," J. Cornelison,' M. Crumrine,'" A. Cukierman,””
E. V. Denison,'> M. Dierickx,’ L. Duband,"* M. Eiben,’ S. Fatigoni,” J. P. Filippini,'*'* S. Fliescher,'' N. Goeckner-Wald,’
D. C. Goldfinger,' J. Grayson,” P. Grimes,* G. Hall,"! G. Halal,” M. Halpern,” E. Hand.® S. Harrison," S. Henderson,’
S. R. Hildebrandt,*® G.C. Hilton,"” J. Hubmayr,"” H. Hui,” K. D. Irwin,”*"* J. Kang,”* K. S. Karkare,"'" E, Karpel,’
S. Kefeli,® S. A. Kernasovskiy,” J. M. Kovac,*'® C. L. Kuo,”” K. Lau,'"" E. M. Leitch," A. Lennox,"* K. G. Megerian,”
L. Minutolo,” L. Moncelsi,” Y. Nakato,” T. Namikawa,'” H. T. Nguyen,® R. O’Brient,”* R. W. Ogburn IV,”? S. Palladino,”

T. Prouve,” C. Pryke,""”" B. Racine,""® C. D, Reintsema,'® S. Richter,* A. Schillaci,” R. Schwarz,''

B.L. Schmitt,' C. D. Sheehy,'” A. Soliman,” T. St. Germaine,"'* B. Steinbach,” R. V. Sudiwala,' G. P. Teply,’
K. L. Thompson,”” J.E. Tolan,” C. Tucker,' A.D. Tumer," C. Umilta,*"* C. Vergés,! A. G. Vieregg,”™'" A. Wandui,”
A.C. Weber,” D. V. Wiebe,” J. Willmert,"' C. L. Wong,*'®* W, L. K. Wu,” H. Yang,” K. W. Yoon,”” E. Young,”” C. Yu,’

L. Zc:ng‘4 C. 7.hxmg,5 and S. 7.hzmg5

The likelihood analysis yields the constraint rg.os5 < 0.036 at 95% confidence. Running maximum
likelihood search on simulations we obtain unbiased results and find that [a(r) = 0.009] These are
the strongest constraints to date on primordial gravitational waves.

CyndiaYu 20
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Beyond r

More cosmology with large-scale CMB polarization

22



Cosmology in CMB Polarization
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Early Dark Energy and HO

Hubble Constant Over Time
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find that EDE
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What’s in an error bar?

Instrument
Noise

Sample
Variance

Cyndia Yu

* accessible el
« B3 patch

Planck 100GHz

BK 18 patch: fsky = 3%
Available from Pole: fsky ~16%

25



BICEP3 can quickly improve on Planck errors

Knox bars for fsky = 0.15, time = 0.50 year

camb

* Scaling from achieved BICEP3 —comb.
performance (frequency map only, L_knox bars
no foregrounds) 107

* Scaled integration time accounts
for usual observing efficiency hits

* “l year” = March - October

D, (uK?)

1[]1_

[T —

* Lowe-ell modes traditionally heavily I — ] /]
filtered for B-mode science, but (in 10y \h/ |

principle) recoverable

10t 104
ell



E-modes observed at high signal-to-noise!

95 GHz U signal
2% PSS A N 25+

Declination [deg.]

Right ascension [deg.)

BK collaboration 2021

Over 8000 sq deg < 20pK-arcmin with 4

months of (mostly summer) integration! " CY in prep.

Cyndia Yu 27



Error bar estimation

* Signal is small deviations from LCDM: proper error bar estimation is
critical!

* Recall error bars come from sample variance + instrument
noise

Instrument Noise
Signflip noise sims

+

Incorporate covariances

Cyndia Yu
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Check maps for systematics via jackknives

Moon up Moon down (,U_

Dec (deg)

-50

-100

Carlos Pobes/NSF

Aman Choksi ‘ \ 150 100 50 0
N J _

Half dataset map [ Half dataset map ]

T —

Difference map

l

Compare power spectrum to

Dec (deg}

simulations, examine ensemble

RA (deg)

of tests for outliers and bias.

Must pass jackknives before proceeding with cosmology analysis!




Preliminary instrumental sensitivity

EE errors relative to Planck

Ratio opg/o ',;',‘}“"l‘

SPTpol: Henning et al. 201 7'
SPT3G: Dutcher et al. 2021 .

SPTpol
SPT3G
— ACT

—— BK (preliminary)

ACT:Aiola et al. 2021
BK: CY in prep
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Looking Forward

The next decade of large-scale CMB polarization experiments

31



What limits r?

Contributions to o(r): C’?B’fg -L C’?B’lens ~+- Ng

I

Cyndia Yu

Baseline (foregrounds, lensing, noise)
No foregrounds
No lensing

No foregrounds, no lensing

0.009
0.007
0.004
0.002
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4 BICEP3-style receivers
BAI installed in 2019, upgraded in 2021
Observing in 6 bands: 30/40, 95, 150,
220/270

Confronting foreground models with
deeper data

Cyndia Yu

BA4 (220/270GHz) shipping to South Pole
in < | year! =



Moving forward: foregrounds

BICEP3 95GHz (T) Planck 353GHz (T)

°NY
*NY
N

-25 ukK +25 -1 mK +10

Usual parametric foreground model may be insufficient...but an
opportunity for future BA observations!

Cyndia Yu
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High-resolution maps from a
large-aperture instrument...

Cyndia Yu

...can be used to reconstruct

the lensing deflection map...

1

1072 102
1 BICEP Array; No delensing 5

o(r)

1672 T T T T 10~3
2019 2020 2021 2022 2023

...which can then be used to calculate and remove

* the lensing signal!

Proof of concept: BK 14+SPTpol (arXiv:2011.08163)
35



Moving forward: noise

10k | = stage-1 - = 100 det
s Stage-1l — = 1,000 ¢
\ Stage-IIl - = 10,000
A\ = = 1 Stage-1V -~ 100,0(
L/

e

SPT-3G, ~ 15000 TESs

Approxirlate raw experimental sensitivity (uK)

s .
. \‘97 Swa
1074k Fig: C. Pryke .
2000 2005 2010 2015 2020

Year

Multiplexing is a way to reduce:
|. Heat load on the focal plane
2. Integration complexity

BICEP3, ~2500 TESs



Time Division Multiplexing (TDM)
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Frequency Division Multiplexing (DfMUX)

Information Signal

Carrier Signal

AM Signal

50

u/-\ PN , e i
~__

ANNNANNNNNN o
VVVVVVVVVUN

Commonly known as “AM Radio”

&0 4

9 me“MM““muhm_UMMHJMUQUU ubuuLuubu[L

CMB Fielded
Instruments

Achieved MUX

Factor
Potential MUX Factor

POLARBEAR, SPT, APEX-
SZ

68

256



Microwave SQUID Multiplexing (Lmux)

Amplitude
£ 10 S21 of 1024 umux resonators, -29dBm output power
" s Time 5
Information Signal - APV 7 A
g A il M 1] 1M1 {((s
e -10
Time ‘;3, =
Carrier Signal § =
8- § -20
2 g
8 :
L -1 -30
Time
PM Signal | 40
545 550 555 560 585 7
Frequency (GHz) =
50

5e+09 5.5e+09 6e+09 6.5e+09 7e+09 7.5e+09 B8e+09

. : . Achieved MUX Factor RV
* umux enables > order of magnitude increase in

multiplexing factor over existing technologies! Potential MUX Factor vy

* Leverages recent commercial progress in RF components




First demonstration on Keck Array:
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Before: TDM After: uhux
MUX factor: 33x MUX factor: ~200x
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CMB with umux receiver at | 50GHz
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First demonstration of an end-to-
end umux system for CMB

observations!

Cukierman et al. (incl. CY) 2019, JLTP
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SMuRF tone-tracking electronics

* Readout system for probe

M = s i by tone generation + readback,
5 = el ks detector/amplifier biases,
= w DAQ interface
3 * Probe tones for 1000s of
2 o i GHz resonators saturate
5 cryogenic amplifiers when
- U U off-resonance = implement
E a closed-loop feedback
E *  system to track resonances
g = as they move
) * Tone-tracking enables
umux

Time (msec)

Henderson et al. (incl. CY) 2018, Proc. SPIE
CY et al. 2022, Rev. Sci. Inst.



SMuRF tone-trackinge ele O

SLAC Microresonator RF (SMuRF) Electronics:

A tone-tracking readout system for superconducting microwave resonator

arrays m for probe
Cyndia Yu,'2-* Zeeshan Ahmed, >3 Josef C. Frisch,®* Shawn W. Henderson,®* Max Silva-Feaver,* Kam Arnold,*
David Brown,* Jake Connors,® Ari J. Cukierman,'? J. Mitch D'Ewart,* Bradley J. Dober,® John E. Dusatko,” [ ) n + read baC|(
Gunther Haller,® Ryan Herbst,? Gene C. Hilton,® Johannes Hubmayr,” Kent D, Irwin,'? Chao-Lin Kuo,? John ’
A.B. Mates,? Larry Ruckman,? Joel Ullom.® Leila Vale,’ Daniel D. Van Winkle,? Jesus Vasquez,? and Edward I.f. b.
Youngl-2 ITIEr DIASES,
I'[’(‘j'ull‘ll!it'lll of Physics, Stanford University; Stanford. CA 94305 1/SA

DKavii Istiture for Parsicle Astrophysics and Cosmology; Stanford, CA 94305: USA
MSLAC Natiomal Accelerator Labovatory; Menlo Park, CA 94025; USA

"I)e';l-u'.'uu nt of Physics, Universitv of California San Dieeo; La Jolla, CA 92003 USA
M\National Institute of Standards and Technology: Boulder, CO 80305; USA I OOO f
(Dared: 11 August 2022) U r S O

We describe the newest generation of the SLAC Microresonator RF (SMuRF) electronics, a warm digital control t t

and readout system for microwave-frequency resonator-bused eryogenic detector and multiplexer systems such as mi- J rs Sa. u ra e
crowave SQUID multiplexers (pumux) or microwave Kinetic inductance detectors (MKIDs). Ultra-sensitive measure- o o

ments in particle physics and astronomy increasingly rely on large arrays of cryogenic sensors, which in turn necessitate » | Ifl e r’s Wh e n
highly multiplexed readout and accompanying room-temperature electronics. Microwave-frequency resonators are a

popular tool for cryogenie multplexing, with the potential o multiplex thousands of detector channels on one readout > i m P I em e nt

line. The SMuRF system provides the capability for reading out up to 3328 channels across o 4-8 GHz bandwidth.

Notubly, the SMuRF system s unigque in its implementation of a closed-loop tone-tracking algonthm that mimmizes
= il . s ST . AC
Power at Cryogenic Amplifier with and without Tone Tracking . 1 vs 2000 Channel Loopback across 4GHz

160
- I'racking on X e #== 1 channel on
52 //\\ // \ \;' - Tracking off ,E 140 i ” B 2000 channels on |( res O n a n C e S
[ . ! ‘
E - l "/‘ '\. g""/ \. e
E f \ / \ =
g | / \ / \ bl
= / \ 3 g enabies
= B8 | 'f \ — xs
g ,/ ,J' \ 1.
& 90 { /’ f \\
-92 | ,/I ’\‘//
et | W " | B.CY) 2018, Proc. SPIE
0.00 0,25 0.50 0.75 1.00 1.25 L.50 1.75 2.00 -125 -120 -115 =110 -105 —100 —05 -90 .
Flux Bias (@] Noise at 30kHz offset [dBc/Hz] et al . 2022’ Rev. SC'. I nst.




Simons Observatory

Simons Observatory small aperture survey

* 3 small-aperture and | large- SPIDER
aperture polarization-sensitive a@ > ‘
CMB telescopes observing from
Chile

* First science-grade use of pmux

for CMB, ~60,000 detectors total Simons Observatory
* Broad range of science targets TR CDSUIeEN(RY

I n -

DESI DESI

across multipole space
* Baseline target 6(r)=0.003

* First light mid-2023!

. 0.0 —— s (. ] \,44,.}’ =
CyndiaYu FDS dust emission - ¥



SO SAT | @ UCSD final cooldown now!
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7 wafers = |3k detectors reading out
simultaneously with SMuRF + pmux!
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CMB-54: the ultimate ground based experlment

* |18 BICEP-style small-aperture

telescopes observing from 30-
300GHz for inflation search

* Large-aperture telescopes in Chile
and South Pole for small-scale
measurements

* Target: detect or constrain o(r)=
0.001

* Observations to begin late 2020s

Cyndia Yu 46



inflation

We achieve this with compact, small aperture receivers and tightly-controlled
systematics

Beyond inflation there is rich physics in large-scale CMB polarization

Future instruments will require new breakthroughs in cryogenic detector and
readout technology to achieve requisite camera densities

* There is much to look forward to! Stay tuned!
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